






Investigation of microplastics in the tilapia found 
in Lake Victoria, Kenya 
Holly Nicholson BVMedSci (Hons) 
 
 
Thesis submitted to the University of Nottingham 








Fish play an important role in food and nutritional security around the world. Their 
consumption offers unique nutritional and health benefits and is considered a key 
element in a healthy diet. Increased attention is given to fish as a crucial source 
of protein and other essential nutrients. With a growing global population, the 
demand for fish is increasing with this increased demand mainly being met from 
the increased output of aquaculture products, and not from wild sources. 
Approximately 200 million people in Africa derive high-quality and low-cost 
proteins from fish. The fisheries and aquaculture sectors in Africa are increasingly 
contributing to food and nutrition security, foreign exchange and employment. 
The aquaculture industry on the continent is growing faster than any other part of 
the world, with countries such as Kenya realising the potential of this industry to 
provide a sustainable source of affordable protein. The fishery industry faces many 
challenges, including climate change, and the pollution of aquatic ecosystems. 
One pollutant of key concern are microplastics, which are causing an 
environmental crisis by polluting our aquatic environments and threatening the 
health of fish and humans. The aims of this study were to assess microplastic 
prevalence in tilapia fish, both wild and farmed, sourced from Lake Victoria, 
Kenya. The study investigated the prevalence of the five main microplastic types, 
fragment, foam, film, fibre and bead, by fluorescent light microscopy in both fish 
muscle and gastrointestinal tract (GIT). In addition, we investigated the presence 
of a plastisphere and conducted preliminary analyses into the composition of this 
community, by scanning electron microscopy and polymerase chain reaction.  
This study found 48% of the tilapia muscle samples and 100% of the GIT samples 
analysed to be contaminated with microplastics. The study found variability in 
microplastic prevalence between the farmed and wild fish. The muscle of wild fish 
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had a greater prevalence than farmed fish, while the GIT of farmed fish had a 
greater prevalence than wild fish. Bacterial DNA was isolated from these 
microplastics and diatoms were also identified, potentially forming part of the 
plastisphere. Key elements were also identified often associated with the plastics. 
This study highlights the potential increased risk from ingestion of microplastics 
through the consumption of farmed (and wild) tilapia sourced from parts of Lake 
Victoria close to urbanisations and the mouths of key rivers draining into the lake. 
Further work is needed to identify the specific bacterial species present on the 
plastisphere and compare these between wild and farmed fish and between 
locations. This collective knowledge will inform the industry on the importance of 
monitoring microplastics in the lake and the life it supports as well as highlighting 
the importance of location for the siting of cages for fish farming. Further research 
into the potential effects these bacteria and chemicals adsorbed to the plastics 
may be having on fish and human health is essential.  
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1.0 Introduction  
1.1 Is there a need for sustainable food production? 
The Food and Agriculture Organization (FAO) defines a sustainable food system 
as ‘a food system that delivers food security and nutrition for all in such a way 
that the economic, social and environmental bases to generate food security and 
nutrition for future generations are not compromised’ (FAO, 2018a). This means 
that it is must be profitable throughout, and have many broad-based benefits for 
society, as well as having a positive or neutral impact on the environment (Figure 
1.1) (FAO, 2018a). 
Food systems are critically considered in the context of rapid population growth, 
in addition to changing consumption patterns, climate change and the decline in 
natural resources. Globally, many of these pressures are increasingly impacting 
societies, with greater demand for all livestock products in order to meet demands 
from ever growing populations. This is especially apparent in the fishing industry 
sector. The FAO estimates that 85% of fish stocks are either fully exploited or over 
fished (WWF, 2020). With over 3 billion people relying on wild-caught and farmed 
fish as their primary source of protein (WWF, 2020), adaption to this food system 
is necessary, otherwise we could see a meagre outlook for the availability of 




Figure 1.1 Sustainability in food systems.  This Venn diagram demonstrates the 
importance of how the social, economic and environmental impacts must all be 
appreciated in order to maintain a sustainable food system (SFS). A food system cannot 
be considered sustainable if any of these components are lacking. 
 
 
1.2 Fish are a valuable food source 
Consumption of fish and their products has high nutritional and health benefits. 
Fish are rich in essential fatty acids and proteins, vitamins and minerals such as 
taurine (Lusher, Hollman, et al., 2017). They are particularly important in many 
low-income populations, or rural areas, as an ideal supplement to nutritionally 
deficient cereal-based diets. Fish provides more than 1.5 million people, mostly in 
low and middle income countries (LMICs) with almost 20% of their average intake 
of animal protein per capita (FAO, 2020a). Today fish remains one of the most 






























1.3 Fisheries industry 
In 2016, global fish production peaked at around 171 million tonnes (FAO, 2018b). 
Capture fishing of wild fish stock accounted for 91 million tonnes of this, with 
aquaculture or fish farming provided 80 million tonnes (Figure 1.2). 151 million 
tonnes (88%) of the fish produced in both sectors was for direct human 
consumption (Fisherproject, 2020). Fish consumption has continually increased 
from the 1960s, and between 1961 and 2016 the annual average of fish 
consumption (3.2%) globally outpaced population growth (1.6%) and exceeded 
that of meat (2.8%) (FAO, 2018b). In Africa, the increase has been two-fold, from 
4.8kg/capita in 1961 to 9.9kg/capita in 2016 (FAO, 2021). Moreover, there are 
contrasting amounts consumed within geographical areas. This is significant in the 
most populated countries of Africa, where per capita fish consumption reached 
22.1kg in Egypt, 13.3kg in Nigeria and 0.25kg in Ethiopia in 2013 (Lusher, 
Hollman, et al., 2017). 
Capture fisheries clearly provide a major role in the supply of fish for human 
consumption. However, their current production is so close to the maximum 
ecosystem productivity, that they cannot be further increased substantially in the 
future and could decline if mismanaged (Garcia and Rosenberg, 2010), leaving 




Figure 1.2 Capture fisheries vs aquaculture. Aquaculture has continued to grow since 
the 1980s, while capture production has increased steadily, but has levelled off in the last 
20 years. These trends are set to continue over the next decade (FAO, 2020b). 
 
 
1.4 Capture fisheries  
Wild or capture fisheries refer to harvesting of naturally occurring resources from 
both marine and freshwater environments. They can be classified as industrial, 
small-scale and recreational (Garcia and Rosenberg, 2010), with lakes, reservoirs 
and wetlands providing an ideal rich environment for inland capture fisheries 
(Welcomme and Lymer, 2012).  
World production from inland capture fisheries has grown steadily, in 2016 global 
capture fisheries production reached 91 million tonnes, with marine capture 
providing 87.2% of this and aquatic inland waters providing 12.8% of the global 
total (FAO, 2018b). There has been an 10.5% increase in global catch from inland 
freshwater since 2005, but this information can be misleading as increases can be 
from improved data collection at each country level, rather than increased catch 
volume (FAO, 2018b). Generally, capture fisheries are not increasing at the same 
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vast rate as aquaculture. Aquaculture production is set for long-term growth, while 
capture fisheries can expect a moderate recovery at best. This decrease in wild 
caught fish is the consequence of declining fish stocks from over fishing, along 
with the introduction of more restrictive fishing policies, which are aiming to 
ensure sustainable exploitation of fisheries in the future (OECD, 2017). Despite 
this, 40.3 million farmers were involved in capture fishing in 2016, compared to 
19.3 million farmers in aquaculture (FAO, 2018b), with capture fisheries providing 
millions globally with a source of livelihood and income.   
Sixteen countries, mostly in Asia, are accountable for the production of almost 
80% of the global inland fishery catch, where they provide an essential food source 
for many local communities. Additionally, inland catches are an important food 
source for many African countries, with their inland catches accounting for 25% 
of global inland catches. (FAO, 2018b).   
 
1.4.1 Capture fisheries in Africa 
In 2015, almost 95% of the global catch from inland fisheries was from developing 
countries (Bartley et al., 2015). A developing country or LMICs is one with less 
developed industries and a low Human Development Index (HDI) relative to other 
countries (O’Sullivan and Sheffrin, 2003). Their capture fishery sector is composed 
of mainly small-scale fishers that depend on the industry for their livelihoods. 
In Africa, fish consumption levels remain predominantly low, with a mean of 9.9kg 
per capita in 2016, and can be as low as 5kg in eastern Africa (FAO, 2018b). This 
low level of fish consumption is the consequence of the population increasing 
faster than fish as a food supply. There have been limitations in the expansion of 
fish production, mainly from the pressure put on capture fisheries resources. 
Nevertheless, low income levels in these African countries, as well as inadequate 
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processing infrastructure and storage for the fish and a lack of marketing and 
distribution channels, have provoked Africa’s inability to commercialise these fish 
products to the wider world, rather than just the local communities where they 
are caught.  
While the rest of the world is seeing a steady level off in capture production, 
African inland capture fisheries are rising at about 3.7% per year (Welcomme and 
Lymer, 2012). A variety of fishing gear is used in both small-scale and industrial 
fisheries. Capture fishery gear usually includes trawl nets (Figure 1.3), 
surrounding nets, seine nets, lift nets, dredges and hook and lines (GESAMP, 
2016), with nets made from plastics, including polypropylene (PP), polyethylene 
(PE), polyamide (PA), polystyrene (PS), polyvinyl chloride (PVC) and nylon.   
 
 
Figure 1.3 Capture fishing in Lake Victoria. Fishermen capture fishing near the 
Ugandan side of Lake Victoria. They have used a plastic trawl net pulled by a boat across 





1.4.1.1 Future of capture fisheries in Africa  
The highest growth rates and largest increase in volume produced in capture 
fisheries are expected in Africa, with Asia being the only continent expecting a 
decline (OECD, 2020). 
Capture fisheries are predicted to see a moderate increase over the next decade, 
markedly from expectations that improved managements in some regions will 
continue to pay off, allowing a sustainable increased production of fish stocks. By 
2029, it is estimated that 90% of the fish produced will be used for human 
consumption. Per capita fish consumption is expected to rise in all continents 
except Africa. (OECD, 2020). This decline is resulting from their population 
increasing more than their current supply can provide, raising probable nutritional 
concerns in this area. 
 
1.4.2 Capture fisheries in Kenya  
Inland capture fisheries play a significant role in Kenya’s economy. The sector has 
grown rapidly, with fish exports supplying ample income from foreign exchange 
(Ardjosoediro and Neven, 2008). Today Kenya is responsible for 5.05% of the 
total capture fishery exports from Africa, catching 124,317 tonnes yearly from 
their inland waters (Welcomme and Lymer, 2012). There is however widespread 
opinion that much of the catch from inland fisheries is unrecorded, this is due to 
the small scale of some individual fisheries, where most of the catch will go directly 
into domestic local consumption.   
Kenya has a total inland water area of 18,029 km2 (FAO, 2015), with the main 
water bodies situated in the Rift Valley and Lake Victoria. Freshwater fish landings 
have always been higher than marine in Kenya, with Lake Victoria mainly 
accountable for this, supplying around 90% of the fish in the country (FAO, 2015). 
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Typically, fishermen will use drift nets left overnight, and some will catch fish with 
baited long lines. 
Capture fish levels rose from 1950 until 2001, from the introduction of the Nile 
perch (Lates niloticus), which was introduced to feed on smaller fish in the lake, 
thus converting them into a larger fish, reaching higher commercial value (Ogutu-
Ohwayo, 1990). However, with the generation of more efficient nets and 
expansion on processing technologies, the demand pressures on fisheries 
increased. Since 2001, inland capture fisheries levels have declined (Welcomme 
and Lymer, 2012), despite the introduction of the Nile tilapia (Oreochromis 
niloticus). The main issues Kenyan capture fisheries have faced are the 
overexploitation that occurred in Lake Victoria from overfishing (FAO, 2015), 
environmental degradation and the increased fishing pressures resulting in the 
introduction of exotic species, which have changed the lake’s biodiversity and 
threatened the sustenance of the lake, on which millions depend on for their 
livelihoods (Njiru et al., 2008). This has been especially prominent in countries 
such as Kenya, where a lack of resources and knowledge have led to a failure in 
adequately incorporating inland fisheries interests into administrative structures 
(Welcomme and Lymer, 2012). 
The numerous threats posed to aquatic ecosystems from human activities has left 
capture fisheries with a sense of hopelessness for the future. This has led to their 
neglect as a sector, and priorities have been switched to other sectors. As a result 
aquaculture has been promoted as the solution to sustain and save catches, 





Aquaculture is the controlled process of breeding, raising and harvesting fish, 
shellfish and aquatic plants both marine and freshwater (US Department of 
Commerce, 2020). As the world’s fastest growing food production sector (FAO, 
2020), it now produces 82.1 million tonnes globally every year. An increase of 
153.4% since 2000 to 2018 (McCarthy, 2020). It also provides huge human 
benefits, as it employs 26 million workers (FAO, 2020), and provides those in the 
poorest of countries with access to essential nutrients from fish.  
A recent report from the FAO states that a sustainable aquaculture strategy 
requires ‘farmers to earn a fair reward from farming, ensure benefits and costs 
are shared equitably, promote wealth and job creation, make sure enough food is 
accessible to all, manage the environment for the benefit of future generations 
and ensure aquaculture development is orderly, with both authorities and industry 
well organised’ (FAO, 2015). 
However, aquaculture is becoming a serious contributor to pollution including of 
aquatic plastic debris. Unlike ocean plastics, which can get caught up in currents 
and circulate around the world, plastic accumulating in lakes has nowhere to go 
(Cosier, 2018). Aquaculture extensively uses plastic for both equipment and 
packaging, everything from polystyrene foam-filled fish cage collars, to plastic 
feed sacks and harvest bins (Holmyard, 2019). This in combination with ghost 
gear (lost or discarded fishing gear) (ASC, 2018), and the likely further 
advancement of aquaculture production, will only continue to drive the increasing 
abundance of aquatic plastic debris.  
Given that aquaculture already supplies nearly half of the world’s fish for human 
consumption, the industry will inevitably continue to increase over forthcoming 
decades to meet demand from the rise in the global population (Calich, 2014). 
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Together with diminishing levels of wild marine and aquatic fish (Holmyard, 2019), 
there is an increasing need for considerations of the environmental impact of this 
growing industry. This is essential in order to ensure practices are sustainable for 
the future of aquaculture. 
The ideal warm climate in many LMICs gives them the potential to further increase 
their aquaculture production, both to support local economy and the food chain 
but also as a potential export product (Konikoff, 2017). As a result, many LMICs 
are now global leaders in the exportation of these products, with 76% of the top 
10 global exporters being from developing countries (FAO, 2020). African 
countries, such as Kenya, are examples of LMICs. In Africa the population has 
increased from 1,182 million people in 2015 to 1,341 million in 2020 and is set to 
increase exponentially over the forthcoming decades. With increasing populations 
comes dietary changes, and from 1999 to 2013 the share of animal protein in total 
protein increased from 21.1% to 23.2%, with fish share of this total protein 
increasing from 3.8% to 4.5% (FAO, 2020c). Africa has a strong desire to continue 
to be fish exporters, while providing a cheap and sustainable source of animal 
protein to a growing population. 
 
1.5.1 Aquaculture in Africa 
Aquaculture was first introduced five decades ago to the African continent as an 
innovation to improve nutritional and economic benefit of its producers, with 5% 
of its population fully dependent on the sector for their livelihoods (FAO, 2021). 
Fish in Africa is extremely important, providing the population with 17.4% of their 
total animal protein intake. It is one of the cheapest and most direct sources of 
protein for millions of people in Africa (Bene and Heck, 2004). Fish is one of the 
most traded commodities, with exports of fish increasing by 5.30% since 1981 
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(Nations, 2017). The major markets for export are Europe (70%), Asia (15%), 
other African countries (11%) and North America (2%) (FAO, 2020a). However to 
meet demand, Africa still has to import 4.2 million tonnes of fish products 
(Brummett et al., 2008), resulting in a continental net loss. With the future of 
global population set for a further expansion to over 9 billion by 2050, Africa is 
predicted to have to increase its food production by 300% (Gabriel and Akinrotimi, 
2007). It is therefore critical that aquaculture grows in a sustainable way, to 
enable future populations the access to vital food sources. 
One of the major hindrances of aquaculture development is the lack of locally 
produced high quality fish feed (Gabriel and Akinrotimi, 2007). Fish require high 
quality nutrition in order to attain market size within the shortest time period. 
Locally produced feed will reduce production costs and enable the gap to be 
bridged to commercial investors, showing them that a growing population’s 
demands can be met economically through fish farming with high quality fish feed. 
The top ten African exporters, include Egypt, Nigeria, Uganda, United Republic of 
Tanzania, Ghana, Zambia, Madagascar, Tunisia, Kenya and Malawi (FAO, 2020c), 
and account for 89.5% of the total value of exportation from the continent of fish 
and their products (Tall, 2015).  
 
1.5.2 Aquaculture in Kenya 
Kenya has become one of the fastest growing fish producers in Sub-Saharan Africa 
(FAO, 2015). In the last six years, their aquaculture production has doubled and 
is set to grow by 1000% in the next three years (FAO, 2020a). It provides 
employment for over 500,000 people directly and 2 million indirectly. There is also 
potential for huge future growth in Kenya, with 1,400,000 hectares of land 
potentially being available for aquaculture development in the future.  
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Kenya’s aquaculture sector is divided into freshwater aquaculture and mariculture 
(Munguti et al., 2014), and can take many different forms, ranging from small 
hand-dug ‘kitchen ponds’ to dams, all being stocked with fish and harvested 
periodically (FAO, 2015).  
Nile tilapia are the primary focus of Kenyan aquaculture, with an average 
production of 3 tonnes per hector (FAO, 2015), accounting for ~75% of total 
production (Munguti et al., 2014). Semi-intensive systems are responsible for 
their production, with fish held in earthen ponds and cages, utilising pond 
fertilisation from both chemical and organic fertilizers to enhance natural 
productivity. To supplement pond productivity, exogenous feeding using cereal 
bran and other locally available feeds is carried out (FAO, 2015).  
The economic benefits of aquaculture development in Kenya are widespread. In 
towns where aquaculture is practiced, markets have been built to sell the local 
fish and their products. These markets can now be found in all major towns in 
Kenya, including most towns in Central, Eastern, Western, Coast, Rift Valley, 
Nairobi and Nyanza provinces (FAO, 2015), which is providing great economic 
benefit to these areas. Aquaculture has also allowed many fish farmers who 
previously farmed at subsistence levels, to transform into commercial smaller-
scale fish farmers, earning nearly Kshs 450,000 (£3000) per acre of water surface 
(FAO, 2015).  
The Kenyan government have developed research facilitates across the country to 
help with aquaculture advancement. Sagana is home to the National Aquaculture 
Research Development and Training Centre (NARDTC), initiating research aimed 
at increasing fish growth, greater productivity, higher yield and lower feed 
conversion ratios (KMFRI, 2018). The Lake’s Basin Development Authority (LBDA) 
is based in Kisumu, and was established to provide a faster more meaningful 
13 
 
development in the Kenyan section of the Lake Victoria basin (LBDA, 2019), as 
well as the Kenyan Marine Fisheries Research Institute (KMFRI), who are 
collaborators in this project (KMFRI, 2020).  
 
1.5.2.1 Future of Kenyan aquaculture  
The ultimate aspiration of the FAO is for aquaculture to develop to allow more 
communities to prosper and help people to be healthier. They also hope it will 
offer more opportunities for improved livelihoods, with increased income and 
better nutrition, as well as ensuring farmers and women are empowered (FAO, 
2020).  
In Kenya, the focus is now on encouraging the development of private, 
commercial, large-scale aquaculture, to increase production (FAO, 2020), making 
a significant contribution in Kenya in terms of both food security and foreign 
exchange earnings through export markets. 
 
1.6 Lake Victoria  
Bordered by three countries, Kenya, Uganda and Tanzania (Figure 1.4), Lake 
Victoria is the second largest freshwater lake in the world by surface area. It 
covers 68,000km2 in East Arica, with a mean depth of 35m, with 6% of the lake’s 
surface area in Kenya, 43% in Uganda and 51% in Tanzania (Njiru et al., 2018). 
The Nile, one of the world’s most important and longest rivers, eventually feeds 
into the Lake (Haines, 2019), and flows through Cairo, home to a population of 
over 20 million (Khan et al., 2018).  
Some important rivers feed into the lake, including the rivers Bukora, Mara, 
Kagera, Katonga, Nyandon and Yale (Figure 1.4). These can carry pollution from 
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a length of cities, towns and villages that occupy the river’s banks, to eventually 
emptying into the lake’s basin. In addition, they and the many other rivers that 
feed into the lake flow through regions of high agricultural, industrial and mining 
activity.  
 
Figure 1.4 Map of Lake Victoria and its major rivers. The 3 countries surrounding 
Lake Victoria’s basin are shown here: Uganda, Tanzania and Kenya. The bathymetry 
(water depth) is indicated on the sides and major rivers feeding into and out of the lake 




Lake Victoria is one of Africa’s most densely populated areas, but its future is 
being threatened by over fishing and environmental damage from pollution 
(Britannica, 2019b). Population and economic development are key drivers in the 
pollution of this water resource and the rivers associated with it (Juma et al., 
2014). As they continue to grow, more resources are being used up that the 
ecosystem cannot sustain. This has led to land development around the basin, 
where agricultural, urbanization and industrial activities have all expanded, which 
has driven the degradation of the lake’s water quality (Scheren et al., 2000). 
To ensure a sufficient nutritional food source is available for future generations, 
changes to the recycling practices and waste management in the region is critically 
needed, otherwise the aquatic environment of Lake Victoria will continue to 
decline. 
 
1.6.1 Environmental issues facing Lake Victoria  
An increasing human population with high exploitation rates has imperilled the 
health of Lake Victoria and its resources. From 1960, the population within 100km 
from the lake shoreline has increased drastically from 10 to 40 million (Njiru et 
al., 2018), with their activities causing a detrimental effect on the lake. Towns 
bordering the lake, such as Kampala in Uganda, Mwanza in Tanzania and Kisumu 
in Kenya have dumped untreated waste into the lake’s waters (Scheren et al., 
2000), and while practices are improving there is still an urgent need for further 
changes. Domestic, industrial and agricultural activities in and around these 
towns, such as chemical and fertiliser leakage from farms (Facts, 2019) and 
effluents from mine wastes and tailings (Ngure et al., 2014), all contribute to the 
pollution. Lack of awareness of good hygiene practices and the consequent 
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discharge of untreated sewage, storm-water, runoff, animal waste and maritime 
transport of waste into rivers, directly contributes to the degradation of river and 
ultimately lake water quality (David et al., 2009).  
This has led to a serious decrease in oxygen available for aquatic life and the 
consequent decrease in fish populations available for human consumption 
(Scheren et al., 2000). This has increased the demand for the limited oxygen 
available and caused a significant rise in water-borne pathogens, which has been 
further exacerbated by run-off and storm water collecting animal and human 
waste and channelling these into rivers and the lake, creating an ideal 
environment to support the survival of these pathogens (Schneeberger et al., 
2019). These microbes will potentially infect fish, with previous studies of fish 
harvested from Lake Victoria found to be infected with Shigella, Salmonella and 
Escherichia coli (E.coli) (Sifuna and Onyango, 2018). They often latch onto 
vegetation in the lake, such as the highly abundant water hyacinth, or lodge 
themselves onto the gills and skin surface of the fish (David et al., 2009).  
The Winam Gulf (formally the Nyanza gulf, see Figure 1.4), lies wholly within 
Kenya, and is relatively shallow compared to the main lake basin. It is composed 
of many bays that receive inflowing water from several key rivers. The vegetated 
bays and river-mouth areas are an ideal habitat for many fish species (Mwamburi, 
2019). However the water hyacinth, an invasive weed, has taken over the whole 
lakeshores and bays. The plant began to spread in the early 1990s after above 
normal rainfall during the El Niño washed it into the lake. It infested nearly 200km2 
by 1998 and has continued to persist today (Williams et al., 2007). For fisherman, 
the water hyacinths have diminished their catch by covering fishing grounds and 
delaying their access to markets, along with increasing costs from the effort spent 
in cleaning waterways and the loss of broken or tangled nets (Kateregga and 
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Sterner, 2009). The weed mats have sealed off nursing, breeding and feeding 
grounds for inshore fish, and caused further detrimental effects by blocking 
sunlight, reducing oxygen levels, and allowing hydrogen sulphide and ammonia, 
both poisonous gases, to accumulate (Kateregga and Sterner, 2009). 
 
1.6.2 Fish species of Lake Victoria 
Lake Victoria provides the main income source for populations living around the 
basin, especially those involved in fishing (CORDIS, 2019), however 
environmental pressures have put their livelihoods at risk.  
Over 14,000 years ago Lake Victoria was home to over 400 species of cichlids 
(Leah, 2005). However human intervention within the lake and its catchment has 
resulted in several ecological changes, with dramatic effects on its fish resources. 
One of the most notable changes is the dramatic reduction and risk of extinction 
of some fish species (Outa, Yongo, et al., 2020). This led to the introduction of 
non-native fish species, such as the Nile perch and Nile tilapia (Ogutu-Ohwayo, 
1990). As a result of overfishing and competition between species, the lake is now 
dominated by three fish species. These are commercially fished in the lake and 
include the Nile perch, the small sardine-like Omena or silver cyprinid 
(Rastrineobola argntea) and the Nile tilapia (Ardjosoediro and Neven, 2008). 
 
1.7 Tilapia in aquaculture 
Tilapia fish (Figure 1.5) are not native to Lake Victoria, having been introduced to 
repopulate after overfishing (Khan et al., 2018). They are now hugely popular in 
aquaculture, being the third most produced aquatic species globally (Elizabeth 
Cruz-Suarez et al., 2006). Their tolerance to a high range of salinities and 
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temperatures, as well as to high ammonia and low dissolved oxygen 
concentrations in the water (Popma and Masser, 1999), is why they are such a 
favoured species in aquaculture, with tilapia farming taking place in at least 85 
different countries (AGMRC, 2018).  
Tilapia are more resistant to bacterial, viral and parasitic diseases than commonly 
cultured fish (Popma and Masser, 1999). They have a very simple and inexpensive 
diet, predominantly filter feeding suspended particles in the lake (FAO, 2010) or 
natural organisms, such as plankton, algae, benthic aquatic invertebrates and 
decomposing organic matter (Njiru et al., 2004a). This makes them enticing to 
farmers as they are able to convert low quality feed into higher quality protein. 
Supplementary feed is determined by the style of farming, which for small-scale 
tilapia farming is a mix of rice and wheat bran and mustard oil cake (Ahmed, 
2009), readily available in local markets. In intensive tilapia farming, they are 
dependent on industrially manufactured pelleted feed. Feed is given twice a day 
in both farming systems, with fertilisers also given to maintain tilapia growth, 
usually consisting of urea, cow dung and triple super phosphate (Ahmed, 2009).  
The culture period for tilapia is around 9 months, with the peak season for farming 
being from April to December. Farmers may harvest tilapia after 4 months, 
granting them the ability to harvest two crop yields per year (Ahmed, 2009). 
These attributes, together with the low input costs, have made tilapia such a 
widely cultured freshwater fish.     
Worldwide tilapia demand continues to increase. In the first 6 months of 2017, 
~150,000 tonnes of tilapia entered the global market (FAO, 2021). Internationally 
consumers like the mild flavour and firm flesh of tilapia. In sub-Saharan Africa, 
where few protein sources are available for communities, tilapia is a favoured dish, 
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offering high quantities of protein alongside high nutritional benefits. These 
tropical and subtropical countries also possess favourable temperatures for 
growth, with their production costs as low as USD 0.55-0.65/kg, which facilitates 
trade with the USA, the leading importer (FAO, 2010). However, constraints have 
been reported for tilapia farming, including limited availability and poor quality of 
feed, lack of technical support and low price in markets (Hussain et al., 2013). 
Overall, there is a limit in the success of tilapia culture due to poorer farmers with 
inadequate knowledge and access to high quality of feed. It is imperative that this 
gap be bridged to provide a sustainable food source of protein to a continually 
growing population.  
 
Figure 1.5 Tilapia fish. Two tilapia fish are shown here (Jennies Foods, 2021). 
 
1.7.1 Impact of plastics on tilapia 
In many African countries plastic recycling procedures are often not established, 
and even when reuse practices are present, they often lack legal foundation and 
are only conducted when necessary (Khan et al., 2018). This can lead to illegal 
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dumping in rivers and lakes, threatening the health of aquatic life. Plastic is 
physically broken up by weathering in aquatic systems into smaller microplastics 
and nanoplastics. These pose a huge risk to fish and consumers of fish, as fish can 
mistake these plastic pieces for food, causing plastic to infiltrate into food chains. 
A study collecting Nile tilapia from the Nile River found over 75% of the fish 
contaminated with microplastics in their digestive tracts (Khan et al., 2018). 
 
 
1.8 Plastic as a material 
Our planet has reached an environment crisis, as it is overrun and unable to handle 
an ever-growing population generating endless amounts of rubbish. One of the 
most concerning is the ever-increasing amount of plastic, its impact on 
biodiversity and contribution to climate change. From its first invention in the 
1950s (Jambeck et al., 2015), plastic has become a hugely favoured material, 
replacing conventional materials, such as glass, paper and metal. Its low cost and 
ability to be versatile, strong but lightweight and the potential to be a transparent 
material have made it ideal for a range of applications (Andrady, 2011). It can 
also provide some environmental benefit, by playing a role in maintaining food 
quality, thus reducing food waste (Eriksen et al., 2014). There are therefore huge 
complex trade-offs between plastic and its substitutes. 
Globally plastic demand is dominated by polypropylene (21%), low-density 
polyethylene (LDPE) (18%), polyvinyl chloride (17%) and high-density 
polyethylene (HDPE) (15%) (Hahladakis et al., 2018), which are all used in 
producing the vast array of plastic packaging products available, from food and 
drinks containers to car dashboards and bumpers (PlasticEurope, 2008). PP and 
PE together are collectively known as polyolefins and are primarily used in 
manufacturing fishing gear (Andrady, 2011). Other common plastic polymers 
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include polystyrene (8%), polyethylene terephthalate (PET) (7%) and 
thermosetting plastic polyurethane (PUR) (PlasticEurope, 2008). Plastic polymers 
are used for common consumer products, but also in the making of synthetic 
fibres, foams adhesives and sealants, making them applicable in a variety of 
applications (Hahladakis et al., 2018). However in many plastic products, the 
polymers are not the only constituent. To meet appropriate properties for the 
product, the polymer is combined with other ingredients or additives (Britannica, 
2019a) 
 
1.8.1 Plastic additives 
Plastic additives are chemical compounds that are added to improve the 
functionality, performance and ageing of the polymer (Hahladakis et al., 2018). 
They are classed as either plasticisers, reinforces, fillers, stabilizers or colourants, 
and in almost all cases are not chemically bounded to the polymer (Campanale et 
al., 2020). Therefore, despite them improving the overall properties of the 
polymer, many are toxic and have the potential to leach into air, water and food, 
and potentially human tissue during their use or disposal and consequently expose 
humans to multiple toxic chemicals. 
 
1.8.1.1 Plasticisers  
Plasticisers are added to materials to decrease plasticity and viscosity, and 
increase workability and performance (Designing Building Wiki, 2020). PVC is a 
common polymer that plasticisers are used on, converting PVC from a rigid plastic 
into a flexible and elastic material to use in more applications (Godwin, 2000). 
Plasticisers can also change the biodegradability, odour, flammability and cost of 
the final product (Britannica, 2019a). There are five plasticisers of health concern, 
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di(2-ethylhexyl) phthalate (DEHP), dibutyl phthalate (DBP), diisobutyl phthalate 
(DIBP) and n-butyl benzyl phthalate (BBP), that have been found to cause adverse 
endocrine disruption (Koester, 2015), which have the ability to leach into the 
environment from discarded plastics. 
 
1.8.1.2 Reinforcements  
Reinforcements are used to enhance the mechanical properties of plastic 
(Campanale et al., 2020). Incorporating reinforces such as glass, wood or carbon 
fibres during the manufacturing of PP and PE can increase their stiffness 
(Britannica, 2019a). Active magnesium oxide is a reinforcer added to rubber 
compounds, and its main function is the neutralisation of hydrogen chloride (HCl) 
that can be released during processing and degrade the plastic material (NikoMag, 
2021). Reinforced plastics are becoming the most selected material for building 
interior and exterior body parts of vehicles and aircrafts, due to their low cost, 
lightweight and easy parts replacement (Rosato and Rosato, 2004).   
 
1.8.1.3 Fillers 
Some plastic resins are blended with fillers to reduce costs, this can also improve 
the plastic’s moldability and stability (Mraz, 2015). They also allow plastic to gain 
properties not usually associated with it, such as high electrical and thermal 
conductivity. Carbon black, calcium carbonate and silica are examples of 
chemicals that can be incorporated as particulate fillers (Britannica, 2019a). 
 
1.8.1.4 Stabilizers 
The properties of plastic should change as little as possible over time, in order for 
it to have a long and useful life in any application. Stabilizers are added to avert 
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the effects of ageing (Britannica, 2019a), and are also designed to reduce 
degradation of the plastic by ultra violet (UV) radiation, the ozone and biological 
agents. Stabilisers of high thermal stability include barium/zinc and 
potassium/zinc (McKeen, 2019), however these are produced from highly toxic 
metals. Barium compounds are among the densest used in PVC plastics, despite 
this their presence has not yet been subject to constraints based on environmental 
or health grounds (Turner and Filella, 2020a). Metabolic, neurological and kidney 
diseases, and even breast cancer, are all reported effects of exposure to barium 
on human health (Campanale et al., 2020). 
Additionally to avoid the loss of HCl in PVC during processing temperatures, heat 
stabilisers are added, such as zinc or calcium, to prevent potential corrosion of 
equipment (Sastri, 2014). Iron oxides, carbon blacks and barium zirconate are 
also widely used heat stabilisers in adhesives and sealants (Sastri, 2014). 
Nickel plating on plastic is widely implemented in metal finishing industries, its 
bright metallic appearance is ideal in plating plastic automotive parts and protects 
against corrosion and wear (SPC, 2020).  
 
1.8.1.5 Colourants    
Most consumer plastic products are coloured, turning inexpensive material plastics 
into more aesthetically pleasing materials to use and are therefore easier to sell 
(Tolinski, 2015). Compounds to add colour can be added as pigments (insoluble) 
or dyes (soluble). Popular colour pigments for plastic include carbon (black), 
titanium oxide and zinc oxide (white) and sometimes inorganic oxides like, 
chromium and iron (Britannica, 2019a). Iron oxide pigments are used for metallic 
finishes, where their high transparency gives an attractive finish (SpecialChem, 
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2018), and leads to a plastic colour change that goes from yellow to red 
(Campanale et al., 2020). 
Titanium oxide is also widely used as it can absorb UV light and therefore increases 
the weatherability and durability of the plastic product (SpecialChem, 2018), 
however it has been shown to generate cytotoxicity on human epithelial lung and 
colon cells (Campanale et al., 2020). Similarly titanium dioxide (TiO2) is now 
appearing in PET waste, from the introduction of opaque PET bottles 
(Matxinandiarena et al., 2019). Studies have shown TiO2 causes phototoxicity 
under UV irradiation, and this has induced oxidative DNA damage and lipid 
peroxidation, eventually causing neuroinflammation in humans (Shah et al., 
2017).  
 
1.8.2 Plastic as a pollutant  
With limited reuse and recycling options, especially in LMICs, plastics have become 
the fastest growing component of waste (Figure 1.6). In 2015, 381 million tonnes 
of plastic was produced globally (Eriksen et al., 2014) and, despite nationwide 
recycling schemes, the UK only recycles less than a third of its plastic waste 
(Sewage, 2019). Plastic contributes 10% to all the domestic waste produced 
worldwide and forms up to 95% of the litter found on beaches, sea floors and the 
sea surface typically in the form of macroplastics (Galgani et al., 2015).  
Each year, 32% of the 78 million tonnes of plastic packaging produced is left to 
flow into our waters (Pennington, 2016), which is the same as dumping a truck 
full of plastic litter every minute (Geographic, 2019). In 2025, the predicted ratio 
of plastic mass to fish in our oceans is estimated to reach 1:3. If this continues, 
by 2050 plastic weight will be equal to or larger than fish stocks (Güven et al., 
2017). Fish are at high risk of plastic pollution exposure as large macroplastic 
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products are readily broken down into smaller microplastic pieces in the aquatic 
environment by physical or chemical degradation.   
 
 
Figure 1.6 Share of plastic waste that is inadequately managed (2010). 
Inadequately disposed waste includes waste that is not formally managed, and waste 
disposed in dumps or open uncontrolled landfills, which are not fully contained. This has a 
high risk of polluting rivers and oceans. Dark blue countries have the most inadequately 




1.8.2.1 Plastic pollution in Africa 
Plastic waste poses great environmental and human issues especially in LMICs 
where they lack nationwide recycling facilities and have a high volume of 
mismanaged waste (Babayemi et al., 2019). Littering is sadly a part of African 
culture, often irrespective of socio-economic status. In 2015, the per capita plastic 
consumption in Africa was 16kg for a population of 1.22 billion (Africa Population, 
2021). It was also estimated that each of Africa’s countries, including Kenya, used 
approximately 13.71 mega tonnes (Mt) of plastic in 2015 (Babayemi et al., 2019).  
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1.8.2.1.1 Plastic pollution in Kenya 
Currently, plastic produced in Kenya stands at 400,000 tonnes (Mogoathle, 2019), 
with 260,000 tonnes of plastic packaging imported annually, and an estimated 
174,000 tonnes illegally dumped or left in the environment (Roberts, 2018). In 
Kenya, rapid urbanisation has exasperated the problem. Most plastic in Africa ends 
up in dump sites, with frequent open incineration. Littering, lack of segregation at 
source programmes and indiscriminate dumping along riverbanks are all adding 
to the crisis.  
In 2017, Kenya introduced new laws to address these concerns, and banned the 
manufacturing, sale and distribution of plastic carrier bags (Waiganjo, 2020). In 
2020, they went one step further and banned all single-use plastics, such as water 
bottles and straws, from its national parks, beaches, forests and other protected 
areas (AFP, 2020). 
 
1.8.2.2 Impact of COVID-19 on plastic pollution 
The COVID-19 pandemic has exacerbated the world’s plastic pollution problem. 
The pandemic has underlined to society that plastic is this irreplaceable material, 
which provides an inexpensive and widely accessible feedstock in producing 
medical equipment. Monthly an estimated 129 billion face masks and 65 billion 
gloves are used globally (Prata et al., 2020) as personal protective equipment 
(PPE). Masks typically consist of many layers of PP microfibres, PUR and 
polyacrylonitrile (PAN) (Czigany and Ronkay, 2020). With plastic acting as a vector 
for the SARS-CoV-2 virus (Prata et al., 2020), and allowing survival on its surface 
for up to 72 hrs, the recycling and reuse of any of this plastic has been restricted. 
This coupled with incorrect disposal by the public, has resulted in used masks and 
27 
 
gloves being found littering public spaces and waterways across the globe (Figure 
1.7) (Mosely and McMahon, 2020).   
 
Figure 1.7 COVID-19 aquatic plastic pollution. Researchers found surgical gloves, 
disposable masks and hand sanitiser bottles used for personal protection equipment in the 




Macroplastics are the largest plastics, typically seen floating in surface waters and 
littering shorelines (Bråte et al., 2017). Sources include household goods, food 
and drinks packaging, as well as tourism and construction (Bråte et al., 2017), 
and many of these are a risk for aquatic life (Figure 1.8). Plastic has a wide range 
of applications but photodegradation, from prolonged exposure to UV radiation, 
hydrolysis or physical breakdown (Planet Experts, 2015), breaks them into pieces 




Figure 1.8 Turtle trapped in plastic ring. Plastic beer holder ring is trapped round the 
turtle’s shell. Debris entanglement can prevent air-breathing aquatic organisms from 




Microplastics are forms of plastic that are <5mm in size (Thompson et al., 2004), 
and can be split into two main groups, primary and secondary microplastics. 
Primary microplastics are manufactured at micro size (Picó and Barceló, 2019), 
and include microbeads from cosmetics and personal care products, and 
microfibres by abrasion from synthetic textiles in the environment (Hantoro et al., 
2019), such as polyester or acrylic fibres (Williams, 2019). A single shower was 
thought to have sent 100,000 microbeads down the drain and into the ocean. The 
UK therefore placed a ban on their production and use in products in 2018 (Gove, 
29 
 
2018), however it will be a few decades before we see their presence in the 
environment fully diminish.  
Secondary microplastics are the degradation products of larger macroplastics 
(Picó and Barceló, 2019), primarily produced for sole domestic functions (plastic 
bags, fishing nets, plastic bottles and styrofoam products). Degradation can occur 
by physical or chemical ageing in aquatic systems. Weathering from waves, 
prolonged exposure to UV radiation and water salinities and temperatures, break 
macroplastics into smaller micro-sized pieces (Roman Lehner, 2015). There are 
estimated to be ~5.25 trillion macro- and microplastic pieces floating in our 
oceans, weighing up to 269,000 tonnes (Eriksen et al., 2014). 
Microplastics have been documented in all habitats of open-water (Bråte et al., 
2017) and have even been found in locations as isolated as the Arctic (Jambeck 
et al., 2015). Their small size is similar to food organisms, such as zooplankton 
(Iwasaki et al., 2017), and are often consumed as a result and therefore 
transferred through food webs, from environment to organism or prey to predator 
(Foekema et al., 2013). Fish and bivalves intended for human consumption have 
been found to contain microplastics (Thiele et al., 2019), with an estimated 11,000 
microplastic pieces being ingested by regular seafood consumers (Marine 
Conservation Society, 2019). This has triggered concerns about the risks of dietary 
exposure on human health, as well as the implications for aquatic ecosystems and 
potential economic impacts, especially in coastal towns (Hantoro et al., 2019). 
Microplastics demonstrate a huge variation in their physical and chemical 
properties, such as size, weight, shape, composition and colour (Hidalgo-Ruz et 
al., 2012). Size is typically based on the longest length of a particle. There are 
five main categories for shape: fragment, foam, film, fibre and bead (Bråte et al., 
2017). These influence the behaviour of the particles within aquatic environments, 
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affecting their dispersion, adsorption and absorption of contaminants and 
microbiota (Alexandre et al., 2016).  
 
1.8.4.1 Fragment  
Fragments are irregular shaped particles, which can also be termed crystals, fluffs, 
powder, granules, shavings and flakes (Lusher, Hollman, et al., 2017). They 
originate from macroplastic breakdown of food and drinks packaging in aquatic 
environments. Studies have found that fragments tend to absorb less chemicals 
from their surrounding environment than other microplastic shapes due to their 
disrupted active sites from their irregular shape (Naqash et al., 2020). They do 
however have longer gut residence times, meaning they can be persist in fish 
organs for longer (Hantoro et al., 2019). 
 
1.8.4.2 Foam 
Foams originate from the well-known plastic polymer PS. Direct contact with PS 
has the potential to damage skin, despite this its properties of being lightweight 
and providing great thermal insulation means it is found in many food packaging 
and laboratory ware including coffee cup lids, disposable plates and large foam 
packaging, which by degradation all form foam spheres (Hwang et al., 2020).  
 
1.8.4.3 Film  
Films are commonly found on food packaging, but also in agriculture as mulch 
films that modify soil temperature and moisture. Mulch films are heavily used in 
agriculture to promote food security, however they are the main source of macro- 
and microplastics entering agricultural soils (Qi et al., 2020). Soil-contaminated 
plastics are not recyclable, and the films are often so thin, making their extraction 
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from the soil at the end of the growing season difficult, this is resulting in a surge 
in plastic film pollution (Qi et al., 2020).  
 
1.8.4.4 Fibre  
Microfibres, also known as filaments, strands or threads, typically come from 
degradation, including in the washing machine, of clothes and synthetic textiles. 
Studies have suggested that they are widespread in aquatic ecosystems and can 
have a negative impact on animal health, having been shown to be linked to 
respiratory and reproductive changes in fish (Henry et al., 2019), potentially 
acting as endocrine disruptors (Hu et al., 2020). 
 
1.8.4.5 Bead  
Beads are also called grains, spherical microbeads and microspheres. They are 
used in personal care and cosmetic products and are commonly made of PE, nylon, 
PP and PET. They are commonly discarded down the drain, allowing them to easily 
enter waterways (Tanaka and Takada, 2016). Beads have a sphere shape, which 
makes them more likely to be absorbed by organisms like fish, as their structure 
mimics their feed (Hantoro et al., 2019). 
 
 
1.8.5 Economic impacts of plastic waste 
Land-origin plastic waste costs the global economy up to $19 billion each year 
(Consultancy.uk, 2019). Asia currently leaks more waste pollution into waterways 
and oceans than any other continent, accounting for 82% of global land based 
plastic pollution and contributing 86% to global plastic costs (Deloitte, 2019). 
Africa follows as the 3rd highest plastic pollution producing continent. Their clean-
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up costs have reached a huge $47.4 billion, leaving them with an average 
economic loss of $49.8 billion yearly from plastic waste (Deloitte, 2019). 
Plastic pollution has been found to result in a $0.3 to $4.3 billion loss of revenue 
to the fishing and aquaculture sector and a reduction in $0.2 to $2.4 billion to 
tourist trade (Deloitte, 2019). Grounded plastic along shorelines results in loss of 
aesthetic value of the environment, an economic cost which takes its form in a 
decreased value of waterfront real estate. It has negative impacts on tourism,  
with economic losses coming from decreased tourist revenue, negative impacts 
on recreational activities and invasive species transport which damage public 
health (Hardesty et al., 2015). Stranded shoreline plastic also negatively impacts 
fishing and aquaculture resources, shipping and energy production. The overall 
estimate of economic impact of plastics on aquatic ecosystems is approximately 
$13 billion US/year (Sireyjol Trucost et al., 2014). One of the biggest direct cost 
factors is the clean-up cost required to remove plastic pollution from coastlines 
and waterways. 
Microplastic presence in water bodies has an adverse effect on aquatic 
biodiversity. It not only impacts local ecosystems and food chains, but also harms 
fishery reserves, which are the main source of livelihood for the fisheries sector 
(Gallo et al., 2018). Furthermore, fish larvae are very sensitive to water quality, 
and therefore have high mortality rates. Microplastic presence can degrade the 
water quality, creating unfavourable conditions for aquaculture. This can cause 
huge significant losses to fish farmers, as a single loss of a harvest can bring them 




1.8.6 Environmental impacts of plastic pollution 
Plastic is one of the most concerning environmental issues, with significant 
environmental concerns for governments, scientists and members of the public 
worldwide (Xanthos and Walker, 2017).  Globally it has taken over every part of 
our oceans, rivers and lakes, impairing human health, food safety and tourism 
(IUCN, 2018). Furthermore, the incineration of plastic waste needed to destroy it 
is contributing to climate change, from the release of the greenhouse gas carbon 
dioxide (IUCN, 2018). The production of one tonnes of plastic generates up to 2.5 
tonnes of carbon dioxide (Sewage, 2019). Equally as it degrades in aquatic 
environments, it uses oxygen from the surrounding waters, leaving less available 
for aquatic life, thereby affecting their survival (Shamseer Mambra, 2019). Plastic 
pollution in the environment can cause entanglement, ingestion, habitat damage 
and loss and transport vectors of non-native species through adherence to the 
plastic’s surface (Bråte et al., 2017).  
Ingestion of microplastics by aquatic organisms is one of the most deleterious 
environmental impacts, posing more of a threat than macroplastics. Their small 
size gives them the potential to travel vast distances, allowing them to be available 
to many organisms at different trophic levels of the aquatic system. Furthermore, 
microbeads are often mistaken by surface feeding fish as zooplankton, as they are 
often similarly opaque in colour (Xanthos and Walker, 2017). Persistent organic 
pollutants (POPs) can sorb to the microplastics and accumulate at concentrations 
higher than in ambient water. There is a growing concern that these pollutants 
are entering the human food chain through ingestion of shellfish, fish and their 
products (Gallo et al., 2018).  
Microplastic contamination in soil has recently become a concern. Many 
organisms, including humans rely on soil for their survival. Plentiful sources of this 
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pollution problem have been reported from domestic sewage, fertilisers, biosolids, 
fibres from clothing and microplastic beads from personal care products, irrigation 
and wastewater, flooding and illegal dumping (Chae and An, 2018). These 
particles settle on the soil’s surface and then penetrate into subsoils. A study 
examined whether ingested plastic in the soil transferred pollutants and additives 
to organisms. They exposed lugworms, a type of sandworm to varying levels of 
microplastics and demonstrated that microplastics’ pollutants and additives were 
transferred into their gut tissues, causing some harmful biological effects (Browne 
et al., 2013). This was an important finding, as it showed that microplastics can 
be transferred in both terrestrial and aquatic systems. These microplastics have 
the potential to be transferred between organisms and food chains, as well as be 
retained by the worms and be transported to deeper soil layers and potentially 
leach to groundwater (Chae and An, 2018).  
Unfortunately microplastics are used in many anthropogenic activities, including 
mining, abrasive air-blasting and antifouling coatings for boats (Botterell et al., 
2019). As a result of climate change, the melting of sea ice has been accelerated, 
releasing high levels of ice bound microplastics back into the marine environment 
(Obbard et al., 2014), that originated from such anthropogenetic sources. Climate 
change could also potentially change oceanic currents, which could alter the 
abundance, distribution and impact of microplastics across aquatic environments 
(Lusher, Welden, et al., 2017). 
 
1.8.7 Impact of plastic pollution on aquatic life  
The most visible and disturbing impacts of plastic pollution are the entanglement 
(Figure 1.9), ingestion and suffocation of aquatic organisms, causing severe injury 
and often death (IUCN, 2018). 1 million seabirds are killed yearly by plastic 
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pollution (Sewage, 2019). University of Plymouth researchers found that over 
44,000 animals have become entangled in or swallowed plastic debris across the 
globe (Merrington, 2015). Marine species such as seabirds, turtles, whales and 
fish often mistake plastic for their prey, with plastic debris found in 36% of seals, 
59% whales and 100% of marine turtles (Sewage, 2019). Most die of starvation 
as their stomachs are filled with plastic. Additionally, they can suffer from 
lacerations and internal injuries, leaving them with a reduced ability to swim. 
Damage to essential internal systems has also been reported, such as the liver 
and reproductive systems of oysters, which has caused them to produce less eggs 
(Geographic, 2019).  
Microplastics are transferred from environment to organisms and thereby enter 
the food chains. Zooplankton are the main food source of many marine organisms, 
such as commercially important fish. Studies have shown microplastics are readily 
ingested by many zooplankton taxa, with associated negative impacts on their 
life-span, reproduction and feeding behaviours (Botterell et al., 2019). 
Zooplankton feed on surface waters, where the abundance of microplastics is 
highest, and are found in aquatic environments at such a high abundance, that 
their risk of microplastic ingestion is accelerated. 
Additionally, microplastics have a large surface area-to-volume ratio and 
hydrophobic properties, leading to an accumulation of contaminants on their 
surface, including heavy metals and chemical pollutants from the aquatic 
environment (Koelmans et al., 2014). These contaminants, as well as chemical 
additives that are incorporated during plastic manufacturing, can leach into the 
biological tissues of aquatic life and potentially cause lethal effects. They also have 
the ability to accumulate at higher trophic levels of the food web and eventually 





Figure 1.9 Lemon shark with plastic bag trapped round its gills. Taken in the 
Bahamas, the plastic bag is blocking the shark’s gills affecting its ability to breath (Ruiz-
Grossman and Dahlen, 2017). 
 
 
1.8.8 Human health 
Consumers of fish and their products are at risk from polluted waters, with 
ingestion of fish potentially contaminated with plastics (Shamseer Mambra, 2019). 
Invisible microplastic pieces have even been found in bottled water and beer 
(IUCN, 2018). A study carried about by the World Health Organisation (WHO) 
analysed 259 bottles, from 9 different counties and across 11 different brands, 
and found an average of 325 microplastic particles for every litre of water (WHO, 
2019). In a bottle of Nestle Pure Life, concentrations were as high as 10,000 
microplastic pieces per litre (Graham Readfearn, 2018).  
Despite tourism playing a firm role in economic development in many places, the 
United Nations Environment Programme estimates that tourists produce 4.8 
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million tonnes of solid waste each year (Martin, 2018). Furthermore, the aesthetic 
value of the environment is compromised by mismanaged waste. Plastic debris 
could cause injuries or harm to human health. This coupled with the unpleasant 
experience waste brings, results in reduced tourist activity and consequent loss of 
livelihoods from businesses associated with tourism (Deloitte, 2019). Currently 
there is insufficient research into the direct and long-term effects of microplastic 
levels on human health (Williams, 2019). Subsequently, at present more studies 
around exposure levels to microplastics and their contaminants in humans are 
being explored.    
Potential hazards to humans associated with microplastics include the physical 
impacts of the particles on the body and chemical and microbial pathogens from 
the biofilm on the microplastic’s surface (EFSA, 2016). The properties of the 
particle determine the impacts in the body. Size, surface area and shape of the 
plastic all determine the fate and health impacts following ingestion (WHO, 2019). 
Despite the plastic polymers being of low toxicity, it is these additives and 
hydrophobic chemicals sorbed from the environment that are the biggest concern 
to human health (WHO, 2019), and many health organisations such as WHO are 
appreciating that this is a huge emerging area of concern (Williams, 2019). 
 
1.9 Persistent organic pollutants  
POPs present in aquatic waters are readily picked up by microplastics even at very 
low concentrations (Andrady, 2011). The hydrophobicity of POPs facilitates their 
concentration to adhere to microplastics. The contaminated plastics, when 
ingested by aquatic species, creates a plausible route whereby POPs are able to 
enter food webs.  
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With plastics manufactured with POPs as additives (Hahladakis et al., 2018), the 
leaching of these additives is of greater concern in species with a longer gut 
retention time, such as fish (Koelmans et al., 2014).  
Marine PP pieces were found to have 100,000 to 1 million times higher 
concentrations of banned POPs than in the surrounding water (Mato et al., 2001). 
These included DDE (dichloro-diphenyl-dichloroethylene), a POP formed by the 
loss of HCl and classed as a Group B2, a probable human carcinogen (Bidleman, 
1984). In addition, PCBs (polychlorinated biphenyls), which were developed as 
coolant fluids in electrical apparatus (EPA, 2020), are known to have significant 
toxic effects in animals, including impacts on reproductive function (Steinberg et 
al., 2008).  
The exposure to living organisms from these pollutants is continually increasing if 
we consider microplastics interactions as a vector of metals and biota (Campanale 
et al., 2020). Several variables can influence the interaction of microplastics with 
compounds, such as increased roughness and alteration of the plastic’s surface 
(Campanale et al., 2020). These accelerate the degradation process, creating 
more active sites on the plastic’s surface for interactions. Other significant 
variables include pH, salinity, temperature, polymer polarity, photo-oxidative 
erosion, and the formation of the biofilm. 
 
1.10 The ‘plastisphere’  
The term ‘plastisphere’ was first used in 2013 to describe the biofilm or specific 
microbial community associated with the surface of plastics (Zettler et al., 2013). 
The impact of plastic debris on aquatic life has been extensively documented, 
however the interactions between plastics and the plastisphere remains unclear 
(Schlundt et al., 2019). Layers of inorganic and organic substances rapidly coat 
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the plastic surface upon entering the aquatic environment. This is followed by swift 
colonisation from functionally diverse communities of bacteria, protozoa, diatoms 
(algae) and fungi (Rummel et al., 2017), and collectively forms a thin layer of 
microbial assemblage on the plastic’s surface forming the ‘plastisphere’ (Figure 
1.10).  
This development is of particular importance as it determines the fate of plastic in 
our aquatic systems (Pinto et al., 2019). Colonisation and biofouling are of high 
concern as they allow the plastic to be changed, thereby altering its buoyancy, 
allowing it to settle into deeper water, where it can be exposed to even more 
aquatic species (Andrady, 2011). Plastic litter is functioning as an ‘artificial reef’ 
(Zettler et al., 2013), and may cause pathogenic species to be transported over 
huge distances (Pinto et al., 2019). Furthermore birds and fish heavily rely on 
chemoreception for food selection, and these biofilms can make plastic smell and 
taste like their food resulting in greater ingestion (Savoca et al., 2017). The 
presence of the plastisphere also shields the plastic’s surface from abiotic aging 
by UV radiation, thereby preventing plastic breakdown in the environment.  
The physio-chemical properties of the surface of plastic, including roughness, 
electrostatic interactions, hydrophobicity and charge, have been shown to 
influence the initial colonisation of the biofilm (Rummel et al., 2017). Weathering 
from UV radiation and physical breakdown from waves has an influence on this, 
by determining the condition of the material and its hydrodynamic interactions.  
Advanced tools are needed to visualise the distribution of these intact microbial 
biofilm communities (Schlundt et al., 2019) to determine the subsequent effects 





Figure 1.10 The plastisphere community. Conceptual model of the diverse 
plastisphere that can exist on the surface of plastics, hosting a microbial ecosystem in 
which members include cyanobacteria and diatoms (Amaral-Zettler et al., 2020). 
 
 
1.10.1 Bacteria as a pollutant  
Recently, microplastics have been recognised as a substrate that can be readily 
colonised by biofilm-forming microorganisms (Ogonowski et al., 2018). These can 
propagate on the surface of plastics and contribute to their degradation or 
distribution amongst aquatic ecosystems. Bacteria are a threat not only by causing 
disease, but also from the potential increases in levels of antibiotic resistance they 
may have and be able to pass on (De Tender et al., 2017). Studies have found 
rich eukaryotic and bacterial communities on PE and PP collected from the North 
Atlantic ocean (Zettler et al., 2013) and in aquatic environments on PS, of 5 
bacterial pathogens including Flavobacterium columnare, Aeromonas hydrophila, 
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Edwardsiella ictaluri, E. tarda, and E. piscicida (Cai and Arias, 2017). Potential 
pathogenic bacteria might be distributed into previously unaffected ecosystems, 
by hitchhiking on microplastics that could have originated from sewage treatment 
plants or untreated human and animal waste (Oberbeckmann et al., 2016), 
threatening aquatic life.  
Scanning electron microscopy has been used to explore the microbial diversity on 
PE, PS and PP particles collected from the North Pacific Gyre, and showed Bacillus 
bacteria and pennate diatoms were abundant on the plastic, with highest 
abundances on foamed PS (Carson et al., 2013).  
The role of microbial plastic colonisation is not fully understood, but potential 
factors have been found to make biofilm formation on plastic appear appealing for 
microorganisms (Oberbeckmann et al., 2016). Plastic’s surface offers great 
protection and stability for prokaryotes, creating a favourable environment for 
microbial biofilm colonisation in various environments. If colonised microplastics 
are ingested by fish in aquatic environments, and eventually humans, this could 
result in huge health risks and potential disease infection.  
 
1.11 Aims and objectives of this study 
The overall aim of this study was to investigate microplastic prevalence in tilapia 
fish from Lake Victoria in Kenya, to determine the need for microplastic pollution 
monitoring in both the aquatic environment and in fish to ensure the sustainability 
and safety of this important protein source. This was achieved through the 
following objectives: 
1- Compare microplastic prevalence in tilapia muscle versus GIT. 
2- Compare microplastic prevalence in wild versus farmed tilapia from key 
fishing locations in and near the Winam Gulf, Lake Victoria. 
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3- Detect and visualise the plastisphere present on the identified microplastics, 
to highlight any bacteria or pollutants that may be present. 


























2.0 Methods and materials 
The collection of samples from Lake Victoria was part of a larger study in 
collaboration with colleagues from the British Geological Society, the KMFRI and 
the University of Eldoret. 
 
2.1 Tilapia sampling from Lake Victoria 
Tilapia samples, both farmed/caged (CT) and wild (WT), were collected from Lake 
Victoria, Kenya during January 2019 (n=19) and May 2019 (n=63) at different 
sites (Tables 2.1 and 2.2). The fish were purchased from farmers at point of 
harvest. For the fish from January, a muscle sample and intact GIT were used as 
part of this study. For the remaining fish (from May), muscle samples and the 
contents of the GIT were analysed. 
Tilapia were sampled from 18 different sites across the Lake (Figure 2.3). Sites 1 
(Dunga), 2 (Maboko Island) and 3 (Asat cages) are situated on the northern shore 
of the shallow Winam gulf, formerly known as the Nyanza gulf, located only 4.7 
miles from Kisumu, the third largest city in Kenya. Site 4 (Uyoma Point) is in the 
deeper Rusinga channel, between the Gulf and the main body of the lake. Sites 6 
(Ngodhe), 7 (Mbeo cages) and 9 (Bridge Island) are near Rusinga Islands where 
the water is deeper. Site 10 (Kadimo Bay – Anyanga) is where the Nzoia river 
flows into Winam Gulf, it is Kenya’s second biggest river by discharge. Site 11 
(Madiany water) is situated in a bay, in the northern shore of the main lake. Site 
13 (University of Eldoret pond) is in the narrow channel entrance to the Winam 
Gulf. Sites 15 (Port Bunyala) and 16 (Mageta Islands) are both located further 
north in the main body of Lake Victoria. Sites 18 (Sori Bay) is near the mouth of 
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the River Migori, located in the main body of the lake out of the Winam Gulf, it is 
also the site closest to the Kenya/Tanzania border. 
 
Site Location Fish muscle 
sample ID  
Fish intact GIT ID  
1A Dunga Ta61, Ta62, Ta63, 
Ta64 
GIT15 
1B Dunga Ta65, Ta66, Ta67, 
Ta68 
GIT19, GIT20 
4 Uyoma Point Ta69, Ta70, Ta71, 
Ta72, Ta73, Ta74, 
Ta75 
GIT6, GIT7 
7B Mbeo cages Ta76, Ta77, Ta78 GIT10 
18A Sori Bay Ta79, Ta80 GIT13 
 
Table 2.1 Tilapia sampling sites January 2019. This table shows the sites, 1A, 1B, 7B 
and 18A, where farmed and wild tilapia (Ta) were caught. NFS – no fish sampled. GIT – 


















Site Location Fish muscle sample 
ID  
Fish GI content 
sample ID  
1A Dunga Ta28, Ta55, Ta56, 
Ta57 
NFS 
1B Dunga Ta12, Ta13, Ta17, 
Ta58, Ta59, Ta60 
NFS 
1C Dunga Ta32, Ta34, Ta37 NFS 
2 Maboko Islands NFS NFS 
3 Asat cages NFS NFS 
3C Asat cages Ta54 NFS 
4 Uyoma Point NFS NFS 
4D Uyoma Point Ta29, Ta30, Ta31, 
Ta33, Ta53 
NFS 
5A Naya Bay NFS NFS 
5B Naya cages NFS NFS 
6 Off Ngodhe NFS NFS 
6B Off Ngodhe Ta2, Ta41, Ta45, 
Ta46 
NFS 
7A Mbeo cages Ta50 NFS 
7B Mbeo cages Ta1, Ta7, Ta8, Ta47 NFS 
7C Mbeo cages NFS NFS 
7D Mbeo cages Ta42, Ta43, Ta44 NFS 
8 Mbita West NFS NFS 
9 Bridge Island NFS NFS 
9B Bridge Island Ta14, Ta15, Ta18, 
Ta22, Ta52 
GI1, GI2, GI3, GI4  
9E Bridge Island Ta19, Ta23, Ta26 GI5 
10 Kadimo Bay (Anyanga) Ta49, Ta51 NFS 
11 Madiany Water Intake NFS NFS 
11E Madiany Water Intake Ta3, Ta4, Ta11 NFS 
11F Madiany Water Intake Ta5, Ta9, Ta10 NFS 
12 Achieng’ Oneku 
(Kunya) 
NFS NFS 
13 University of Eldoret 
pond 
NFS NFS 
13B University of Eldoret 
pond 
Ta6, Ta20, Ta24 NFS 
13D University of Eldoret 
pond 
Ta16, Ta21, Ta25, 
Ta27 
NFS 
15 Port Bunyala NFS NFS 
15B Port Bunyala Ta39, Ta40, Ta48 NFS 
16B Mageta Island Ta35, Ta36, Ta38 NFS 
 
Table 2.2 Tilapia sampling sites May 2019. This table shows the sites, 1C-C, 3C, 4D, 
6B, 7A-B, 7D, 9B, 9E, 10, 11E-F, 13B, 13D, 15B and 16B, where farmed and wild tilapia 







Figure 2.3 Map of sample sites across Lake Victoria. Wild tilapia sample sites are 
indicated with a red circle. Farmed/caged tilapia sites are indicated with a red triangle. 
Some sample sites had both wild and farmed tilapia sourced from them. The bathymetry 
data highlights the shallow nature of the Winam Gulf in comparison to the main body of 
the Lake. Rivers flowing into the lake, as well as cities around the lake’s basin are labelled. 









2.1.1 Tilapia sample preparation  
Tilapia tissue muscle samples were prepared by filleting the fish into two, with one 
fillet cut into smaller pieces prior to being placed into individually labelled bags 
before freezing.  For some fish, the entire GIT (intestines, pyloric ceca, stomach 
and oesophagus) was located and removed, and the entire contents squeezed into 
individually labelled bags and subsequently frozen. Some fish samples had the 
entire GIT removed, with contents intact and frozen straight after to preserve the 
whole GIT plus contents. 
Cut tilapia muscle samples were labelled (Ta), tilapia GIT contents were labelled 
(GI) and tilapia intact gastrointestinal tracts were labelled (GIT). The site location 
they were caught from and the date of isolation was recorded, as well as whether 


















ID SITE LOCATION CAGED (CT) OR WILD (WT) DATE OF ISOLATION 
Ta1 SITE 7B CT3  May 2019 
Ta2 SITE 6B CT4  May 2019 
Ta3 SITE 11E CT3  May 2019 
Ta4 SITE 11E CT1  May 2019 
Ta5 SITE 11F WT3  May 2019 
Ta6 SITE 13B CT2  May 2019 
Ta7 SITE 7B CT2  May 2019 
Ta8 SITE 7B CT4  May 2019 
Ta9 SITE 11F WT1  May 2019 
Ta10 SITE 11F WT2  May 2019 
Ta11 SITE 11E CT2  May 2019 
Ta12 SITE 1B CT2  May 2019 
Ta13 SITE 1B CT3  May 2019 
GI1 SITE 9B CT1 May 2019 
GI2 SITE 9B CT2 May 2019 
GI3 SITE 9B CT3 May 2019 
GI4 SITE 9B CT4 May 2019 
GI5 SITE 9E WT1 May 2019 
Ta14 SITE 9B CT1  May 2019 
Ta15 SITE 9B CT3  May 2019 
Ta16 SITE 13D WT3  May 2019 
Ta17 SITE 1B CT1  May 2019 
Ta18 SITE 9B CT4  May 2019 
Ta19 SITE 9E WT3  May 2019 
Ta20 SITE 13B CT3  May 2019 
Ta21 SITE 13D WT4  May 2019 
Ta22 SITE 9B CT2  May 2019 
Ta23 SITE 9E WT1  May 2019 
Ta24 SITE 13B CT1  May 2019 
Ta25 SITE 13D WT2  May 2019 
Ta26 SITE 9E WT2  May 2019 
Ta27 SITE 13D WT1  May 2019 
Ta28 SITE 1A WT1 May 2018 
 
 
Table 2.4 Fish samples analysed (May 2019 and 2018). This table shows the 
different tilapia samples used in this study. The date, site number and location they were 
caught from was recorded and whether they were a caged (CT) or a wild tilapia (WT). 
Tilapia muscle samples used were labelled (Ta) and tilapia gastrointestinal tract contents 
were labelled (GI). Most samples were collected in May 2019, but some samples from May 






Ta29 SITE 4D WT1  May 2019 
Ta30 SITE 4D CT1  May 2019 
Ta31 SITE 4D CT2  May 2019 
Ta32 SITE 1C WT2  May 2019 
Ta33 SITE 4D WT3  May 2019 
Ta34 SITE 1C WT3  May 2019 
Ta35 SITE 16B CT2  May 2019 
Ta36 SITE 16B CT3  May 2019 
Ta37 SITE 1C WT1  May 2019 
Ta38 SITE 16B CT1  May 2019 
Ta39 SITE 15B WT3  May 2019 
Ta40 SITE 15B WT1  May 2019 
Ta41 SITE 6B CT2  May 2019 
Ta42 SITE 7D WT1  May 2019 
Ta43 SITE 7D WT2 May 2019 
Ta44 SITE 7D WT3  May 2019 
Ta45 SITE 6B CT1  May 2019 
Ta46 SITE 6B CT3  May 2019 
Ta47 SITE 7B CT1  May 2019 
Ta48 SITE 15B WT2  May 2019 
Ta49 SITE 10  CT3  May 2018 
Ta50 SITE 7 CT2  May 2018 
Ta51  SITE 10  WT1  May 2018 
Ta52 SITE 9B CT3  May 2019 
Ta53 SITE 4D WT2  May 2019 
Ta54 SITE 3C WT2  May 2018 
Ta55 SITE 1A WT1  May 2018 
Ta56 SITE 1A WT2  May 2018 
Ta57 SITE 1A WT3  May 2018 
Ta58 SITE 1B CT2  May 2018 
Ta59 SITE 1B CT3  May 2018 
Ta60 SITE 1B CT1 May 2018 
 
Table 2.4 (continued) Fish samples analysed (May 2019 and 2018). This table 
shows the different tilapia samples used in this study. The date, site number and location 
they were caught from was recorded and whether they were a caged (CT) or a wild tilapia 
(WT). Tilapia muscle samples used were labelled (Ta) and tilapia gastrointestinal tract 
contents were labelled (GI). Most samples were collected in May 2019, but some samples 






ID SITE LOCATION CAGED (CT) OR WILD (WT) DATE OF ISOLATION 
GIT6 SITE 4 CT2  Jan 2019 
GIT7 SITE 4 WT2  Jan 2019 
GIT10 SITE 7B CT1  Jan 2019 
GIT13 SITE 18A WT1  Jan 2019 
GIT15 SITE 1A WT1  Jan 2019 
GIT19 SITE 1B CT1  Jan 2019 
GIT20 SITE 1B CT2 Jan 2019 
Ta61 SITE 1A WT1  Jan 2019 
Ta62 SITE 1A WT2  Jan 2019 
Ta63 SITE 1A WT3  Jan 2019 
Ta64 SITE 1A WT4 Jan 2019 
Ta65 SITE 1B  CT1  Jan 2019 
Ta66 SITE 1B  CT2  Jan 2019 
Ta67 SITE 1B  CT3  Jan 2019 
Ta68 SITE 1B  CT4  Jan 2019 
Ta69 SITE 4  CT1  Jan 2019 
Ta70 SITE 4  CT2   Jan 2019 
Ta71 SITE 4  CT3   Jan 2019 
Ta72 SITE 4 WT1  Jan 2019 
Ta73 SITE 4 WT2  Jan 2019 
Ta74 SITE 4 WT3  Jan 2019 
Ta75 SITE 4 WT4  Jan 2019 
Ta76 SITE 7B CT1  Jan 2019 
Ta77 SITE 7B CT2  Jan 2019 
Ta78 SITE 7B CT3  Jan 2019 
Ta79 SITE 18A WT1  Jan 2019 
Ta80 SITE 18A WT2  Jan 2019 
 
Table 2.5 Fish samples analysed (January 2019). This table shows the different 
tilapia samples used in this study. The date, site number and location were caught from 
is given and whether they were a caged (CT) or a wild tilapia (WT). Tilapia muscle samples 
used were labelled (Ta) and tilapia intact gastrointestinal tracts were labelled (GIT). These 
samples were all collected in January 2019. 
 
 
2.2 Alkaline digestion of fish samples  
Potassium hydroxide (KOH) was chosen as a suitable digestion reagent, at a 10% 
solution concentration (Thiele et al., 2019). KOH has been shown to be the most 
viable extraction media, allowing the digestates to be filterable, without polymer 
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modification. 10g of KOH flakes (Thermo Fisher Scientific) was weighed out and 
added to 100ml of reverse osmosis (RO) water, this solution was then poured onto 
either the GIT contents, the whole intact GITs or muscle/tissue samples from each 
fish sample. These samples were then gently mixed, sealed with parafilm (Bemis) 
before incubation at 60°C for 19-21 hours (hr) (Alexandre et al., 2016). 
 
2.2.1 GIT content samples digestion with KOH 
Each tilapia GIT contents sample was weighed in their individual bags (see Table 
2 in appendix), 100ml of RO water was poured into the bag to wash the contents 
into a labelled conical flask. 10g of KOH flakes (to make a 10% solution) were 
added to the flask and the empty bag was re-weighed, to determine the original 
weight of the GIT contents. 
 
2.2.2 Whole GIT samples digestion with KOH 
Intact GIT samples were weighed in their individual bags (see Table 2 in 
appendix), 100ml of RO water was poured into the bag to wash the GIT into a 
labelled conical flask. A 10% solution of KOH solution was added to the flask. 
These samples contained more organic content, and digestion at 60°C for 24hr 
was not sufficient to digest this material. KOH digestion at a lower temperature, 
40°C for 12 days (d) and 16d was also tested as an alternative for these samples.  
 
2.2.3 Tissue samples digestion with KOH 
Whole tissue/muscle samples were weighed, and their weight recorded. Small 
10mm3 pieces of the tissues were cut, weighed and recorded again (see Table 1 
in appendix), before being placed into individually labelled conical flasks, when a 
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10% solution of KOH solution was added. The remaining tissue sample placed 
back into the freezer.  
 
2.3 Filtration of digested fish samples  
Following 60°C incubation for 19-21hr, conical flasks were removed and left on 
the bench. Due to their micro size, contamination from atmospheric microplastics 
poses a risk in producing inaccurate results. To prevent contamination all samples 
were filtered over Whatman glass microfibre filters, Grade GF/A, 1.6 µm pore size 
(Sigma-Aldrich), which were folded to sit inside a glass funnel (Pyrex). All glass 
filter funnels, scalpels, forceps, scissors and weighing scales used were washed 
with 70% ethanol. Each digested sample was poured onto the filter, with unwanted 
liquid passing through the filter and collecting in a large media bottle, leaving any 
non-digested content to collect on the filter paper. Post-filtration, petri dishes 
(Sigma-Aldrich) were labelled with the samples details and the filter paper was 
unfolded and placed flat in the petri dish to air dry for 24hr.  
 
2.4 Source of positive controls for plastics  
2.4.1 Microbeads 
‘Clean & Clear’ face wash (Johnson & Johnson Limited) (Figure 2.6) used to contain 
PE blue and white microbeads. Their use was discontinued in 2017 with the 
microbeads replaced with biodegradable cellulose and jojoba beads, derived from 
plants (Clean & Clear, 2017). A microbead-containing version of the face wash 
was used for a source of primary microplastics for a control. Beads were extracted 
by adding 400ml of RO water to the face wash, followed by centrifugation at 3000g 
for 15 minutes (min). The resulting solution was filtered using sterile muslin 
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cloths; this was repeated 4 times. Whatman glass microfiber filters were used to 
filter the solution, and the filter was left to air dry prior to recovery from the filter.  
 
 
Figure 2.6 Clean & Clear face wash. This product (from 2017) contained both white 
and blue microbeads, these were extracted in the initial part of the project. The product 
composition has now changed and microbeads have been replaced with biodegradable 
jojoba and cellulose beads, derived from plants (Clean&Clear, 2017). 
 
2.4.2 Fishing Nets 
Fishing nets caught from Lake Victoria, abandoned as ghost gear from fishing 
boats, were split according to colour (Figure 2.7). Blue, yellow, white and green 
netting were split into singular strands, weighed and length measured (see Table 
3 in appendix). These were then individually digested with KOH (10% solution) 
for 24hr at 60°C. These were then filtered and stained using Nile red (Sigma-
Aldrich) and DAPI (Thermo Fisher Scientific). These net pieces were also used in 
method optimisation, by allowing dye efficacy of both stains to be tested, as well 
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as investigating if any plastic polymers are degraded at varying temperatures and 
time lengths of KOH digestion. 
 
Figure 2.7 Fishing net caught from Lake Victoria. The collection of fishing nets was 
split according to colour – blue, yellow, white and green. These net pieces were classed 
as plastic microfibres and so were used as positive controls for testing dye efficacy. 
 
 
2.5 Fluorescent staining  
2.5.1 Nile red 
Nile red (Sigma-Aldrich) is a lipid soluble fluorescent dye which allows the in-situ 
staining of lipids, and subsequent visualisation under a microscope. Nile red was 
diluted with acetone (Thermo Fisher Scientific) to give an optimum concentration 
of 10µg/ml (Maes et al., 2017). An incubation time of 30min (Joon Shim et al., 
2016) was adopted for staining, as incubation times longer than 30 to 60min led 




An 1/8th of each filter paper was cut (Figure 2.8), placed on a glass side inside a 
staining box and 200µl of diluted Nile red was covered over the filter paper slice. 





Figure 2.8 Petri dish containing filer paper. This was taken after the digestion and 
filtration processes were completed (prior to drying) and shows a typical 1/8th cut of filter 




DAPI (4’,6-diamidino-2-phenylindole) (Thermo Fisher Scientific) staining solution 
is a fluorescent stain for labelling DNA and therefore biological material in 
fluorescent microscopy. DAPI was dissolved in water to give a final concentration 
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of 0.5µg/ml (Stanton et al., 2019). DAPI staining was performed after all other 
staining and acts as a counterstain.  
Following staining and incubation with Nile red, the same 1/8th of filter paper was 
covered with 200µl of diluted DAPI solution and placed in the foiled staining box 




Figure 2.9 Example of staining with Nile red or DAPI stain. This image shows an 
example of how microplastics fluoresce green when stained with Nile Red (A) and organic 
material fluoresces blue after using the counterstain DAPI (B). A fibre is identified here 
from a wild tilapia muscle sample after 30 minutes incubation with Nile Red (A). Image B 
is after 5 minutes incubation with DAPI, highlighting that this fibre is not an organic 
material. Image taken from area 14 on the 1/8th of filter paper on the Lecia DFC420 
microscope at x40 magnification. 
 
 
2.6 Fluorescent microscopic detection 
Stained samples were viewed under the Lecia DFC420 microscope. For initial 
fluorescent analysis for the Nile Red stain, a high powered L5 blue light (excitation 
wavelength, 430−490 nm; emission wavelength, 510−560 nm) was used. This 
was combined with an orange filter to remove any unwanted background 
interference. The exposure values used were dependent on the final thickness of 
57 
 
debris on the filter paper, post-digestion. A gamma value of 0.65 and a gain of 
2.1 were applied to all samples. A magnification of x40 was used to view all 
samples and take images. Some images of the smaller micro fragments and beads 
were taken at a x100 magnification (Figure 2.10). The images taken were labelled 
to show their sample ID and the presence or lack of microplastics, as well as their 
location on the filter paper.  
Secondary DAPI stain analysis used the same microscope but was observed in 
blue fluorescence with an A4 FLUO light (excitation wavelength, 355−405 nm; 
emission wavelength, 420−480 nm). A gamma value of 0.60 and a gain of 1.0 
was applied to all samples.  
 
 
Figure 2.10 Example of X40 magnification or X100 magnification. The image shown 
is an example of a fluorescent image taken on the Leica DFC420 microscope at X40 
magnification (A) and an image taken at a X100 magnification (B). A bead is identified 
here from a wild tilapia muscle sample after 30 minutes incubation with Nile Red. Images 





2.6.1 Numbered filter paper areas 
Whatman glass microfiber filters were divided into 1/8th pieces for staining and 
subsequent microscope analysis. This 1/8th was further divided into 5mm2 boxes, 
each box was numbered, with numbers ranging from 1 to 38 (Figure 2.11). During 
microscopic analysis when a microplastic piece was identified, the numbered area 
where it was identified was recorded. 
 
Figure 2.11 Filter paper areas. This shows the 5mm2 boxes the 1/8th of stained filter 
paper was divided into. Box numbers ranged from 1 to 38 and this number was recorded 








2.7 Extraction of genomic DNA  
The 1/8th of filter paper used for fluorescent microscopy was washed and used to 
extract genomic DNA from plastispheres present on the microplastics. 440µl of 
PBS (Thermo Fisher Scientific) was washed over the filter paper and collected in 
a microcentrifuge tube (Thermo Fisher Scientific). 200µl of buffer AL (Qiagen) and 
20µl proteinase K (Qiagen) was added, this was incubated for 3hr at 56°C. 
Extraction of genomic DNA from this was carried out using the DNeasy Blood and 
Tissue kit (Qiagen) following the manufacturer’s protocol. Genomic DNA was 
eluted from the spin column with 200µl of buffer AE (Qiagen), incubated (room 
temperature, 1min) prior to centrifugation (1min, 6000g). Eluted DNA was stored 
at -20°C. 
 
2.7.1 Assessment of the quality and quantity of DNA 
The nanodrop 8000 (Thermo Fisher Scientific) was used to assess the quantity 
and quality of the extracted genomic DNA. 
 
2.8 Polymerase Chain Reactions 
Polymerase chain reaction (PCR) was used to screen for the presence of bacterial 
DNA and bacterial species-specific DNA using a Genetouch (Bioer) PCR machine. 
 
2.8.1 Primers for PCR  
Primer pairs that targeted a range of different bacterial specific genes were used 
in this study (Table 2.12). The V3V6 primer pair (Chakravorty et al., 2007) targets 
the 16s Ribosomal rRNA and was used to detect the presence of bacterial DNA, 
potentially from the plastisphere on the microplastic’s surface. The remaining 
primer pairs (Table 2.12) were used to screen for the specific bacterial 
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genus/species; carA (Pseudomonas fragi, Pseudomonas putida and Pseudomonas 
lundensis) (Ercolini et al., 2007), sub0888 (Streptococcus uberis) (Leigh et al., 
2010), tyrB (Klebsiella pneumoniae) (Heilbronn et al., 1999), uspA (Escherichia 
coli) (Chen and Griffiths, 1998), uidA (Escherichia coli) (Heijnen and Medema, 
2006), porA (Campylobacter coli and Campylobacter jejuni) (Fontanot et al., 
2014), jej (Campylobacter coli and Campylobacter jejuni) (Linton et al., 1997) 
and lact (Lactobacillus) (Dubernet et al., 2002). These bacteria reflect a small 




Table 2.12 Table of primers used in this study. This table shows the primer name, 
sequence, their amplicon size in base pairs (bp) and their annealing temperatures (°C). 
The V3V6 primer pair (Chakravorty et al., 2007) targets the 16s Ribosomal rRNA and was 
used to detect the presence of bacterial DNA on the microplastic’s surface. The remaining 
primer pairs were used to screen for the presence of specific bacterial genus/species 
present; carA (Pseudomonas fragi, Pseudomonas putida, Pseudomonas lundensis) 
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Table 2.12 (continued) Table of primers used in this study. This table shows the 
primer name, sequence, their amplicon size in base pairs (bp) and their annealing 
temperatures (°C). The remaining primer pairs were used to screen for the presence of 
specific bacterial genus/species present; tyrB (Klebsiella pneumoniae) (Heilbronn et al., 
1999), uspA (Escherichia coli) (Chen and Griffiths, 1998), uidA (Escherichia coli) (Heijnen 
and Medema, 2006), porA (Campylobacter coli and Campylobacter jejuni) (Fontanot et 
al., 2014), jej (Campylobacter coli and Campylobacter jejuni) (Linton et al., 1997) and 
lact (Lactobacillus) (Dubernet et al., 2002). The M13/T7 primer pair (Tabor and 






















































































2.8.2 PCR with GoTaq master mix 
PCRs were run according to the manufacturer’s protocol using GoTaq green master 
mix (Promega). The conditions were an initial incubation for 3min at 95°C. 
Followed by 30 cycles of denature for 30sec at 98°C, annealing for 30sec at 58°C 
and extension for 20sec at 72°C. Followed by a final extension for 7min at 72°C. 
 
2.8.3 Agarose gel electrophoresis 
PCR products were run on a 1% agarose gel (Invitrogen) using Tris-acetate 
Ethylenediaminetetraacetic acid (TAE, Thermo Fisher Scientific), containing 2 µl 
of Gel Red (Invitrogen). Loading dye was already present in the PCR product, so 
20µl of PCR product was loaded onto the gel, along with 5µl of 1kb ladder 
(Promega), prior to electrophoresis (Biorad, 70V, 45min). 5µl of remaining PCR 
product was frozen at –20°C. 
 
2.9 Cloning 
Cloning was carried out using the TOPO TA Cloning Kit (Invitrogen) following the 
manufacturer’s protocol. Nutrient agar plates (Oxoid) containing ampicillin 
(50µg/ml), were spread with 40µl of 40mg/ml of X-gal. The cloning mix was 
spread on two plates, 50µl on one and 150µl on the other and both incubated 
overnight (37°C). White colonies formed were picked and suspended in both 3ml 
of nutrient broth containing ampicillin (50µg/ml) and 3ml of nutrient both 
containing kanamycin (50µg/ml) and incubated overnight in the thermo shaker 




2.9.1 Plasmid purification 
The QIAprep spin miniprep kit (Qiagen) was used to extract plasmid DNA, 
following the manufacturer’s protocol. Plasmid DNA was eluted in buffer EB 
(Qiagen) and stored at -20°C. 
 
2.9.2 Screening of positive clones using PCR 
PCR on the purified plasmid DNA from the positive clones was carried out using 
GoTaq (Promega), with M13 reverse and T7 primers (Table 2.12). The conditions 
were an initial incubation for 3min at 95°C. Followed by 30 cycles of denature for 
30sec at 98°C, annealing for 30sec at 58°C and extension for 20sec at 72°C. 
Followed by a final extension for 7min at 72°C. The PCR products were run as 
previously described (see section 2.8.3). 
 
2.10 Scanning electron microscopy 
2.10.1 Analysis of the SEM 
The Nanoscale and Microscale Research Centre (nmRC) at the University of 
Nottingham used their Scanning Electron Microscope (SEM) to analyse the 
samples, and further investigate the potential microplastics observed for the 
presence of a biofilm. COVID-19 prevented us from analysing the samples 
ourselves alongside the technical support staff of the nmRC. 
A finely focused electron beam was scanned across the samples, generating 
electron signals, these were amplified and detected to produce an image of the 
microplastic’s surface in the samples. An energy dispersive X-ray microanalysis 
(X-Max -150 EDX) system was used for high sensitivity chemical analysis to 




2.10.2 Samples analysed by SEM 
A section of Whatman microfibre filter paper with no reagents on and a filter paper 
section with KOH (10% solution), Nile Red and DAPI stains on it, were sent as 
controls for SEM analysis. Their structure and elemental composition were 
recorded, as this highlighted any interference that came from the reagents or 
equipment used and therefore would be considered when screening for 
microplastics in the tilapia samples.  
Macroplastic litter and nets collected from Lake Victoria, as well as extracted 
microbeads from the 2017 Clean & Clear facewash, were sent as controls of 
plastics for SEM analysis (Figure 2.13). Their structure and elemental composition 
were recorded, as this gave microplastic indicators that could be screened for in 
the tilapia samples.   
The same filter paper samples used for fluorescent microscopy were sent for SEM 
analysis. These samples included four tilapia muscle samples (Ta18, Ta33, Ta44 
and Ta48) and one tilapia GIT contents sample (GI5). This filter paper also 
contained KOH (10% solution) used to digest the organic material, as well as Nile 
Red and DAPI stains.   
Untreated samples were also sent for SEM analysis, consisting of 1cm cubes of 
tilapia muscle (Figure 2.14), and 1cm sections of intestines from intact tilapia GIT 
(Figure 2.15). As samples were examined hydrated, there was no preparation 
required prior to scanning. These samples included four muscle samples (Ta20, 





Figure 2.13 Analysis of macroplastic litter collected from Lake Victoria with 
environmental scanning electron microscope. This image shows a 1cm section of 
macroplastic litter found in Lake Victoria being analysed by the environmental scanning 
electron microscope (ESEM) at the Nanoscale and Microscale Research Centre (nmRC) 
(University of Nottingham). The macroplastic litter here is an item of food packaging and 
was used as a control for microplastic indicators. Image kindly provided by Nicola Weston 





Figure 2.14 Analysis of tilapia muscle sample with environmental scanning 
electron microscope. This image shows a 1cm cube of tilapia muscle sample (Ta20; 
caged tilapia, site 13B), being analysed by the environmental scanning electron 
microscope (ESEM) at the Nanoscale and Microscale Research Centre (nmRC) (University 
of Nottingham). This muscle sample was untreated and examined hydrated. Image kindly 






Figure 2.15 Analysis of tilapia intact gastrointestinal tract section sample with 
environmental scanning electron microscope. This image shows a 1cm section of 
intestines taken from intact gastrointestinal tract sample GIT20 (caged tilapia, site 1B), 
being analysed by the environmental scanning electron microscope (ESEM) at the 
Nanoscale and Microscale Research Centre (nmRC) (University of Nottingham). This GIT 
sample was untreated and examined hydrated. Image kindly provided by Nicola Weston 
at the nmRC. 
  
 
2.10.3 Analysis using the environmental SEM  
Environmental SEM (FEI Quanta 650 ESEM) allows for the imaging of samples with 
minimal preparation and adds variables such as hydration, thermal cycling, and 
the introduction of gas to characterize in situ dynamic changes. Images were 
taken in Low Vac mode with water vapour as the imaging gas, and using the Large 
Field Gaseous Detector (LFD) to obtain topographical images and the Back 
Scattered Detector (BSE) to obtain compositional images (a higher atomic number 
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appears brighter). Chamber pressure was in the range of 60 to 70 Pa in most 
cases (this is displayed in the individual image databar).  In this study they were 
used to examine the fully hydrated samples. 
Filter papers were mounted onto subs using carbon adhesive tape, and for the 
unfiltered frozen samples, a section was cut, thawed and placed on a stub, with 
any excess water wiped off. All samples were imaged using the same parameters. 
EDX spectra and maps were obtained using the Oxford Instruments Aztec system. 
The EDX system determined the elemental composition of areas in the sample. A 
scale was developed to group detected elements by their concentrations, 
measured in cps/eV (Table 2.16). A value >100 cps/eV was grouped very high, 
60-99 cps/eV was grouped high, 20-59 cps/eV was medium, 10-19 cps/eV was 
low and <10 was grouped as trace.  
 
Groups  Amount detected (cps/eV) 






Table 2.16 Groups for cps/eV amounts detected using EDX. This table shows the 
scale developed to group detected elements by their concentrations, after EDX analysis. 
Concentrations were measured in cps/eV, a value >100 cps/eV was grouped very high, 1-
60-99 cps/eV was grouped high, 20-59 cps/eV was grouped medium, 10-19 cps/eV was 







3.0 Results  
3.1 Analysis of positive controls for plastic  
To test the reliability of the Nile Red and DAPI stains, a mixture of microbeads 
from the face wash and different coloured net strands from macroplastic litter 
from Lake Victoria were digested, filtered and analysed by fluorescent microscopy, 
following staining with Nile Red and DAPI. The net strands fluoresced highly with 
Nile Red, and did not fluoresce with the counterstain DAPI. Figure 3.1 shows a 
yellow net stand fluorescing with Nile Red and not fluorescing with DAPI stain. As 
these net strands were taken from macroplastic litter, the samples appeared 




Figure 3.1 Positive control for plastic net. This image shows a yellow macroplastic net 
strand from Lake Victoria, used as a positive control in this study. Image A is after 30 
minutes incubation with Nile Red. Image B is after 5 minutes incubation with DAPI. Image 





The facewash product used contained two different types of microbeads: smaller 
white beads and larger blue beads. Upon fluorescent analysis the white beads 
fluoresced highly and appeared non-uniform in their shapes. Figure 3.2 shows a 
blue net strand fluorescing highly, surrounded by the smaller fluorescing white 
microbeads from the facewash.  
 
 
Figure 3.2 Positive control for white microbeads. This image shows a blue 
macroplastic net strand from Lake Victoria, surrounded by white microbeads from a 
facewash product, which were both used as positive controls in this study. Image A is after 
30 minutes incubation with Nile Red. Image B is after 5 minutes incubation with DAPI. 












Interestingly fluorescent analysis of the larger blue microbeads found them to 
appear as dark spheres with Nile Red that glowed with DAPI stain. Figure 3.3 
shows a larger blue bead appearing as a dark sphere with Nile Red (shown by the 
blue arrow) and fluorescing with DAPI stain. The smaller white beads can be seen 
fluorescing around the outside structure of the blue bead. 
 
Figure 3.3 Positive control for blue microbeads. This image shows a larger blue 
microbead (shown by blue arrow), surrounded by smaller white microbeads, both from a 
facewash product and used as positive controls in this study. Image A is after 30 minutes 
incubation with Nile Red. Image B is after 5 minutes incubation with DAPI. Image taken 
on Lecia DFC420 microscope at X40 magnification.  
 
 
3.2 Detection of microplastics in fish muscle  
Eighty digested and filtered tilapia muscle samples (Ta) were analysed by 
fluorescent microscopy, following staining with Nile Red and DAPI. In total, 81 
microplastic pieces were identified from the muscle samples. At least 1 
microplastic piece was detected in 38 out of the 80 (48%) Ta, with 25% of samples 
having more than 1 microplastic piece. The prevalence of microplastics within each 
sample (see section 2.6.1 for division of filter paper area used) was grouped by 
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their structural appearance into either fragment, foam, film, fibre or bead (Table 
3.4). Forty muscle samples had no identifiable microplastics, and 2 of the samples 
(Ta8 and Ta49) could not be analysed due to insufficient digestion of organic 
material in the sample. 
 
ID MP confirmed filter paper areas MP type MP amount 
Ta1 - - 0 
Ta2 - - 0 
Ta3 3 Fragment 1 
Ta4 - - 0 
Ta5 - - 0 
Ta6 - - 0 
Ta7 22 + 14 Film + Fragment 1 + 1 = 2 
Ta8 VOID VOID VOID 
Ta9 9 + 20 Fibre + Bead 1 + 3 = 4 
Ta10 10 Bead + Film 3 + 1 = 4 
Ta11 - - 0 
Ta12 13 Bead 2 
Ta13 - - 0 
Ta14 - - 0 
Ta15 14 Film 2 
Ta16 1 Fragment 4 
Ta17 - - 0 
Ta18 7 Fibre 1 
Ta19 - - 0 
Ta20 15 Fragment 1 
Ta21 - - 0 
Ta22 - - 0 
Ta23 - - 0 
Ta24 - - 0 
Ta25 - - 0 
 
 
Table 3.4 Microplastic presence in tilapia muscle samples. This table shows the 
microplastic (MP) type (fragment, foam, film, fibre and bead), amount present and the 
numbered filter paper area where it was identified in each tilapia muscle sample, after 
staining with Nile Red and DAPI and subsequent visualisation under the fluorescent 
microscope. Some sample’s results were ‘VOID’ due to too much undigested debris 




ID MP confirmed filter paper areas MP type MP amount 
Ta26 26 Fragment 1 
Ta27 14 + 18 Foam + Fibre 1 + 2 = 3 
Ta28 - - 0 
Ta29 10 Film 1 
Ta30 - - 0 
Ta31 - - 0 
Ta32 - - 0 
Ta33 12 + 13 Fibre 2 
Ta34 - - 0 
Ta35 10 Fragment 1 
Ta36 9 + 17 Fibre 2 
Ta37 - - 0 
Ta38 8 Fibre /11 
Ta39 13 Fragment 1 
Ta40 14 + 60 Fragment 2 
Ta41 - - 0 
Ta42 26 Fibre 2 
Ta43 - - 0 
Ta44 7 + 8 + 20 Film + Fibre + Fragment 1 + 1 + 1 = 3 
Ta45 9 Fibre 1 
Ta46 7 Film 1 
Ta47 12 Fragment 1 
Ta48 18 + 24 Fragment 4 + 2 = 6 
Ta49 VOID VOID VOID 
Ta50 15 Fibre 1 
Ta51 10 + 13 Fibre + Fragment 2 + 1 = 3 
Ta52 - - 0 
Ta53 16 + 18 + 20 Fibre + Film 1 + 2 = 3 
Ta54 - - 0 
Ta55 2 Fragment 1 
Ta56 - - 0 
Ta57 - - 0 
Ta58 - - 0 
Ta59 - - 0 
Ta60 - - 0 
 
Table 3.4 (continued) Microplastic presence in tilapia muscle samples. This table 
shows the microplastic (MP) type (fragment, foam, film, fibre and bead), amount present 
and the numbered filter paper area where it was identified in each tilapia muscle sample, 
after staining with Nile Red and DAPI and subsequent visualisation under the fluorescent 
microscope. Some sample’s results were ‘VOID’ due to too much undigested debris 




ID MP confirmed filter paper areas MP type MP amount 
Ta61 30 Fragment 2 
Ta62 3 Fibre 1 
Ta63 24 Film 1 
Ta64 - - 0 
Ta65 12 Fragment 2 
Ta66 3 Fibre 1 
Ta67 9 Fibre 1 
Ta68 22 Fragment 1 
Ta69 - - 0 
Ta70 - - 0 
Ta71 17 Fibre 1 
Ta72 - - 0 
Ta73 - - 0 
Ta74 8 + 25 Fibre 2 
Ta75 - - 0 
Ta76 - - 0 
Ta77 - - 0 
Ta78 9 + 19 Fibre 2 
Ta79 - - 0 
Ta80 - - 0 
 
Table 3.4 (continued) Microplastic presence in tilapia muscle samples. This table 
shows the microplastic (MP) type (fragment, foam, film, fibre and bead), amount present 
and the numbered filter paper area where it was identified in each tilapia muscle sample, 













Microplastics were found in 48% of the muscle samples. The most common 
microplastic type was a fibre, found in 21% of the muscle samples, representing 
17 fish (Table 3.5). Fragments were observed in 20% of the fish muscle, from 
16 fish. Beads were observed in 6% of the fish muscle, from 5 fish. The least 
common type was foam which was only seen in one fish.  
 
 
Table 3.5 Quantitative microplastic analysis. This table shows the total amount of 
microplastics (MP) identified in digested tilapia muscle samples (Ta) samples after 
microscopic fluorescent analysis. Microplastics were grouped by the five types: fragment, 
foam, film, fibre and bead. The sample identity for each MP type present was recorded 
and the total amount of MPs present in all samples was determined. The percentage (%) 
of each type compared to the total microplastics content was calculated and the 
percentage (%) of total fish containing each microplastic type was calculated. The most 
common microplastic types were fibres and fragments (21% and 20%) respectively, with 





MP Type Fragment Foam Film Fibre Bead 
Amount in 
fish muscle 27 1 10 35 8 
% of total MP 
identified 34% 1% 12% 43% 10% 
% of fish 











Ta27 Ta7, Ta15, 
Ta27, Ta29, 
Ta44, Ta46,  
Ta53, Ta63  
Ta9, Ta10, 
Ta18,Ta33, 











Ta62    
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3.2.1 Fibre in tilapia muscle  
Fibres were the most commonly identified microplastic with 35 pieces (43%) found 
in tilapia muscle samples. Fibres were identified in 17 of the fish analysed within 
the study; Ta9, Ta10, Ta18, Ta33, Ta36, Ta38, Ta42, Ta44, Ta45, Ta50, Ta51, 
Ta53, Ta66, Ta67, Ta71, Ta74 and Ta78. Sample Ta38 had the most fibres 
identified in all analysed muscle samples, with 11 fibres identified. Figure 3.6 
shows a representative example of microplastic fibre found in the fish muscle 
following staining with Nile Red.  
 
 
Figure 3.6 Example of microplastic fibre in tilapia muscle. This image shows an 
example of a fibre in caged tilapia muscle sample Ta36 (Site 16B). Image A is after 30 
minutes incubation with Nile Red. Image B is after 5 minutes incubation with DAPI. Image 









Muscle sample Ta38 had the highest volume of microplastics detected out of all 
muscle samples with 11 potential fibres detected (Figure 3.7). 
 
 
Figure 3.7 Example of multiple fibres in tilapia muscle. This image shows a clump 
of multiple fibres (n=11) identified in a caged tilapia muscle sample Ta38 (Site 16B). 
Image A is after 30 minutes incubation with Nile Red. Image B is after 5 minutes incubation 
with DAPI. Image taken from area 8 on the 1/8th of filter paper on Lecia DFC420 


























3.2.2 Fragment in tilapia muscle  
Twenty-seven fragments (34%) were detected in the muscle samples, observed 
in 16 fish (Ta3, Ta7, Ta16, Ta20, Ta26, Ta35, Ta39, Ta40, Ta44, Ta47, Ta48, 
Ta51, Ta55, Ta61, Ta65 and Ta68). Ta16 and Ta48 had the most fragment, with 




Figure 3.8 Example of microplastic fragments in tilapia muscle. This image shows 
an example of 4 fragments identified in wild tilapia muscle sample Ta48 (Site 15B). Image 
A is after 30 minutes incubation with Nile Red. Image B is after 5 minutes incubation with 
DAPI. Image taken from area 18 on the 1/8th of filter paper on Lecia DFC420 microscope 

















3.2.3 Film in tilapia muscle  
Ten films (12%) were identified in the muscle samples, observed in 8 fish (Ta7, 
Ta15, Ta27, Ta29, Ta44, Ta46, Ta53 and Ta63). Ta15 and Ta53 both had the most 
films identified in all the muscle samples that were analysed, with 2 films identified 
in each sample. Figure 3.9 shows a representative example of microplastic film 
found in the fish muscle following staining with Nile Red.  
 
 
Figure 3.9 Example of microplastic film in tilapia muscle. This image shows an 
example of a film in wild tilapia muscle sample Ta63 (Site 1A). Image A is after 30 minutes 
incubation with Nile Red. Image B is after 5 minutes incubation with DAPI. Image taken 














3.2.4 Bead in tilapia muscle  
Eight beads (10%) were detected in 5 tilapia muscle samples from Ta9, Ta10, 
Ta12, Ta27 and Ta62. Samples Ta9 and Ta10 had the most beads identified in all 
analysed muscle samples, with 3 beads identified in each. Figure 3.10 shows a 
representative example of microplastic bead found in the fish muscle following 
staining with Nile Red. 
 
 
Figure 3.10 Example of microplastic bead in tilapia muscle. This image shows an 
example of a bead identified in caged tilapia muscle sample Ta62 (Site 1A). Image A was 
taken at X100 magnification and is after 30 minutes incubation with Nile Red. Image B 
was taken at X40 magnification and is after 5 minutes incubation with DAPI. Image taken 









3.2.5 Foam in tilapia muscle  
Foam was the least prevalent microplastic identified in the muscle samples, with 
only 1 foam detected (sample Ta27) (Figure 3.11).  
 
 
Figure 3.11 Example of microplastic foam in tilapia muscle. This image shows an 
example of a foam identified in wild tilapia muscle sample Ta27 (Site 13D). Image A is 
after 30 minutes incubation with Nile Red. Image B is after 5 minutes incubation with 
DAPI. Image taken from area 14 on the 1/8th of filter paper on Lecia DFC420 microscope 




3.3 Comparison of microplastic presence in caged versus wild tilapia muscle  
Eighty-one microplastic pieces were identified in 31 of the 80 tilapia muscle 
samples used in this study. Microplastics were more abundant in the wild tilapia 
muscle samples (WTM) than the farmed/caged tilapia muscle samples (CTM), with 
35 microplastic pieces (43%) in the CTM, (n=42) and 46 microplastic pieces 
(57%) in the WTM, (n=38) (Table 3.12). 
More fragments were identified in WTM (19 fragments) than CTM (8 fragments), 
found in 19 and 8 fish respectively. One foam was identified in WTM (Ta27), while 
none were identified in CTM. More films were identified in WTM (6 films) compared 
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to 4 films in CTM, found in 6 and 4 fish respectively. However, CTM had a greater 
number of fibres (21 fibres) than the WTM (14 fibres), which were found in 21 and 
14 fish respectively. There were more beads identified in WTM (6 beads) than CTM 
(2 beads), and these were seen in 6 and 2 fish respectively.  
Fibres were the most prevalent microplastic type identified in CTM (21 fibres), 
whereas fragments were the most prevalent microplastic type identified in WTM 
(19 fragments). Foam was the least prevalent microplastic type in both CTM and 




Table 3.12 Comparison of microplastic presence in caged vs wild tilapia muscle 
samples. This table shows a comparison of the microplastic (MP) type and the amount 
identified in caged tilapia muscle samples (CTM) (n=42) vs wild tilapia muscle samples 
(WTM) (n=38), after staining with Nile Red and DAPI and subsequent visualisation under 
the fluorescent microscope. The muscle ID (Ta) is shown here and a sum of the total 





MPs Fragment Foam Film Fibre Bead 
CTM 35 8 0 4 21 2 









Ta7, Ta15,  
Ta15, Ta46 
Ta18, Ta36, Ta36, 
Ta38, Ta38, Ta38,  
Ta38, Ta38, Ta38, 
Ta38, Ta38, Ta38,  
Ta38, Ta38, Ta45, 
Ta50, Ta66, Ta67,  















Ta27 Ta10, Ta29,  
Ta44, Ta53,  
Ta63, Ta63 
Ta9, Ta27, Ta27,  
Ta33, Ta33, Ta42, 
Ta42, Ta44, Ta51,  
Ta51, Ta53, Ta62,  
Ta74, Ta74 





3.4 Detection of microplastics in fish gastrointestinal tract contents  
Five digested and filtered tilapia GIT contents were analysed by fluorescent 
microscopy, following staining with Nile Red and DAPI. Five microplastic pieces 
were identified during microscopy of the GIT contents, present in all four fish 
samples that could be visualised under the microscope (Table 3.13). No results 
were obtained from GI1 as there was too much undigested debris, making it 
unreadable under the microscope. 
 
ID 
MP confirmed filter 
paper areas MP type MP amount 
GI1 VOID VOID VOID 
GI2 25 Bead 1 
GI3 1 Fibre 1 
GI4 2 Fragment 1 
GI5 4 + 34 Fibre + Bead 1 + 1 = 2 
 
Table 3.13 Microplastic presence in tilapia gastrointestinal tract contents. This 
table shows the microplastic (MP) type, amount present and the numbered filter paper 
area where it was identified in each tilapia gastrointestinal tract contents sample (GI), 
after staining with Nile Red and DAPI and subsequent visualisation under the fluorescent 
microscope. GI1 results were ‘VOID’ due to too much undigested debris present, making 
the sample unreadable under the microscope.    
 
 
3.4.1 Types of microplastic identified  
A single bead was identified in both samples GI2 and GI5 (Figure 3.14). 
Interestingly, beads identified in the GIT contents fluoresced at a greater intensity 
than other microplastics. A single bead was found in GI2 and GI5, with a fibre 
found in GI3 (Figure 3.15) and GI5, and a fragment in GI4 (Figure 3.16). No films 





Figure 3.14 Example of bead in tilapia gastrointestinal tract contents. This image 
shows an example of a bead in gastrointestinal tract contents sample GI5 (Site 9E). Image 
A is after 30 minutes incubation with Nile Red. Image B is after 5 minutes incubation with 
DAPI. Image taken from area 34 on the 1/8th of filter paper on Lecia DFC420 microscope 




Figure 3.15 Example of fibre in tilapia gastrointestinal tract contents. This image 
shows an example of a fibre in gastrointestinal tract contents sample GI3 (Site 9B). Image 
A is after 30 minutes incubation with Nile Red. Image B is after 5 minutes incubation with 






Figure 3.16 Example of fragment in tilapia gastrointestinal tract contents. This 
image shows an example of a fragment in gastrointestinal tract contents sample GI4 (Site 
9B). Image A is after 30 minutes incubation with Nile Red. Image B is after 5 minutes 
incubation with DAPI. Image taken from area 2 on the 1/8th of filter paper on Lecia DFC420 

















3.5 Comparison of microplastic presence in caged versus wild tilapia 
gastrointestinal tract contents 
 
Five microplastics were identified in all 4 of the 5 GIT contents samples that could 
be analysed under the microscope. Three microplastic pieces were identified in 
farmed/caged tilapia GIT contents samples (CTGI) (n=4). Two microplastic pieces 
were identified in the wild tilapia GIT contents sample (WTGI) (n=1), however the 
CTGI had marginally more microplastics identified than the WTGI (Table 3.17).  
Equal amounts of fibres and beads were identified in both CTGI and WTGI, but 
CTGI sample GI4 also contained a fragment. No foams or films were detected in 
either CTGI or WTGI samples. 
 
  Total MPs Fragment Foam Film Fibre Bead 
CTGI 3 1 0 0 1 1 
WTGI 2 0 0 0 1 1 
CTGI ID 
  
GI4 - - GI3 GI2 
WTGI ID 
  
- - - GI5 GI5 
 
 
Table 3.17 Comparison of microplastic presence in caged vs wild tilapia 
gastrointestinal tract contents. This table shows a comparison of the microplastic (MP) 
type and the amount identified in caged tilapia gastrointestinal tract contents (CTGI) (n=4) 
vs wild tilapia gastrointestinal tract contents (WTGI) (n=1), after staining with Nile Red 
and DAPI and subsequent visualisation under the fluorescent microscope. The 
gastrointestinal tract contents ID (GI) is shown here and a sum of the total amount of 










3.6 Detection of microplastics in intact gastrointestinal tracts in fish 
Six digested and filtered tilapia intact GITs were analysed by fluorescent 
microscopy, following staining with Nile Red and DAPI. Twenty-eight microplastic 
pieces were identified during microscopy (Table 3.18), with the most common 
microplastic type being a bead which was found in five of the six samples analysed. 
A film and a fragment were observed in one of the six samples, GIT13 and GIT15 
respectively, with no foams or fibres identified in any of the GIT samples.  
 
ID 
MP confirmed filter 
paper areas MP type MP amount 
GIT6 26 + 32 Bead 3 + 3 = 6 
GIT7 12 Bead 3 
GIT10 6 + 14 + 23 Bead 2 + 3 + 2 = 7 
GIT13   Film + Bead 1 + 1 + 1 = 3 
GIT15 23 Bead + Fragment 1 + 1 + 1 = 3 
GIT19 32 Fragment 6 
 
 
Table 3.18 Microplastic presence in tilapia intact gastrointestinal tracts. This table 
shows the microplastic (MP) type, amount present and the numbered filter paper area 
where it was identified in each tilapia intact gastrointestinal tract (GIT) sample, after 




3.6.1 Bead in tilapia intact gastrointestinal tract 
Bead was the most prevalent microplastic type identified in the GITs, with 20 
identified which were present in 5 of the samples. Sample GIT10 had the highest 
microplastic content with 7 beads identified (Figure 3.19).  
 
 
Figure 3.19 Example of beads in tilapia intact gastrointestinal tract. This image 
shows an example of 2 beads in intact gastrointestinal tract sample GIT10 (Site 7B). Image 
A is after 30 minutes incubation with Nile Red. Image B is after 5 minutes incubation with 











3.6.2 Fragment in tilapia intact gastrointestinal tract 
Seven fragments were identified in all the GITs, of these 6 were identified in 
sample GIT19 and 1 fragment in sample GIT15 (Figure 3.20). The fragments 
fluoresced at a greater intensity than the other microplastic types in the GITs. 
 
 
Figure 3.20 Example of fragment in tilapia intact gastrointestinal tract. This image 
shows an example of a fragment in intact gastrointestinal tract sample GIT15 (Site 1A). 
Image A is after 30 minutes incubation with Nile Red. Image B is after 5 minutes incubation 
with DAPI. Image taken from area 23 on the 1/8th of filter paper on Lecia DFC420 





3.6.3 Film in tilapia intact gastrointestinal tract 
Of the six samples analysed, film was only observed in 1 of the samples, GIT13 
(Figure 3.21). 
 
Figure 3.21 Example of film in tilapia intact gastrointestinal tract. This image 
shows an example of a film in intact gastrointestinal tract (GIT) sample GIT13 (Site 18A). 
Image A is after 30 minutes incubation with Nile Red. Image B is after 5 minutes incubation 
with DAPI. Image taken from area 9 on the 1/8th of filter paper on Lecia DFC420 













3.7 Comparison of microplastic presence in caged versus wild tilapia 
intact gastrointestinal tracts 
 
Twenty-eight microplastics were identified in all 6 GIT samples. Nineteen (68%) 
microplastic pieces were identified in farmed/caged tilapia GIT samples (CTGIT) 
(n=3), whilst 9 (32%) were identified in wild tilapia GIT samples (WTGIT) (n=3) 
(Table 3.22).  
Bead was the microplastic type most identified in both CTGIT and WTGIT. A 
greater number of fragments were identified in CTGIT compared to WTGIT. No 




MPs Fragment Foam Film Fibre Bead 
CTGIT 19 6 0 0 0 13 







- - - GIT6, GIT6, GIT6, 













Table 3.22 Comparison of microplastic presence in caged vs wild tilapia intact 
gastrointestinal tracts. This table shows a comparison of the microplastic (MP) type and 
the amount identified in caged tilapia intact gastrointestinal tracts (CTGIT) (n=3) vs wild 
tilapia intact gastrointestinal tracts (WTGIT) (n=3), after staining with Nile Red and DAPI 
and subsequent visualisation under the fluorescent microscope. The intact gastrointestinal 
tract ID (GIT) is shown here and a sum of the total amount of microplastics identified in 







3.8 Site location comparison 
Tilapia were collected from 18 different site locations across Lake Victoria (Figure 
2.3), with fish from sites 1A, 1B, 1C, 3C, 4, 4D, 6B, 7A, 7B, 7D, 9B, 9E, 10, 11E, 
11F, 13B, 13D, 15B, 16B and 18A used in this study. No microplastics were found 
in fish from sites 1C, 3C and 7C. Fish from all the other sites (1A, 1B, 4, 4D, 5A, 
6B, 7A, 7B, 7D, 9B, 9E, 10, 11E, 11F, 13B, 13D, 15B, 16B and 18A) were found 
to contain microplastics.  
 
3.8.1 Site location comparison in tilapia muscle  
Site 16B (Mageta Island), where 3 of the caged fish (Ta35, Ta36 and Ta38) 
originated, had the greatest amount of microplastics (n=14) identified when 
comparing all the fish from all sites (Table 3.23). All samples contained 
microplastics, but the majority were found in 1 fish (Ta38), where 11 fibres were 
identified.  
Sites 1A (Dunga) and 1B (Dunga) had the greatest number of fish analysed. Eight 
WT were from site 1A (Dunga), and a total of 6 microplastics were identified in 4 
of these (Ta55, Ta61, Ta62 and Ta63). 10 CT were from Site 1B (Dunga), and a 
total of 7 microplastics were identified in the muscle from 5 of these (Ta12, Ta65, 
Ta66, Ta67 and Ta68).  
In the four WT from site 4 (Uyoma point), only 1 microplastic piece was identified 
in 1 fish (Ta74). Of the 3 CT from site 4 (Uyoma point), 2 microplastics were 
identified in 1 of the fish (Ta71). Of the two CT from Site 4D (Uyoma point), none 
were found to contain microplastics. However in the 3 WT from the same site (site 




In the four CT from site 6B (Off Ngodhe), 2 microplastics were identified in 2 of 
the fish (Ta45 and Ta46). In the one CT from site 7A (Mbeo cages), 1 microplastic 
was identified in this fish (Ta50). Of the 7 CT from site 7B (Mbeo cages), 5 
microplastics were identified in 3 of the fish (Ta7, Ta47 and Ta78). Three WT were 
from site 7D (Mbeo cages), and a total of 5 microplastics were identified in 2 of 
the fish (Ta42 and Ta44).  
In the five CT from site 9B (Bridge Island), 3 microplastics were identified in 2 of 
the fish (Ta15 and Ta18). Of the three WT from site 9E (Bridge Island), 1 
microplastic was identified in 1 of the fish (Ta26).  
In the one CT from site 10 (Kadimo Bay – Anyanga), no microplastics were 
identified. In the one WT from site 10 (Kadimo Bay – Anyanga), 3 microplastics 
were identified in this fish (Ta51). In the three CT from site 11E (Madiany water 
intake), 1 microplastic piece was identified in 1 of the fish (Ta3). Of the three WT 
from site 11F (Madiany water intake), 8 microplastic pieces were identified in 2 of 
the fish (Ta9 and Ta10).  
In the three CT from site 13B (University of Eldoret pond), 1 microplastic was 
identified in 1 of the fish (Ta20). Of the four WT from site 13D (University of 
Eldoret pond), 7 microplastics were identified in 2 of the fish (Ta16 and Ta27). 
In the three WT from site 15B (Port Bunyala), 9 microplastics were identified in 
all 3 of the fish (Ta35, Ta36 and Ta38). Fish sourced from sites 1C (Dunga), 3C 
(Asat cages) and 18A (Sori Bay) had no detectable microplastics.  
A total 46 microplastic pieces (57%) were identified at sites where WT were 
harvested, with a total 35 microplastic pieces (43%) from those sites where CT 
were harvested. Sites where WT were harvested had 14% more microplastics in 




Table 3.23 Site location comparison of microplastics in tilapia muscle. This table 
shows the presence of different microplastic (MP) types at each site location where caged 
tilapia muscle (Ta) samples (n=42) and wild tilapia muscle samples (n=38) were analysed 
in this study. The site locations in blue (site 1B) are where caged tilapia were analysed in 
this study and the locations in green (site 1A) are where wild tilapia were analysed. The 
total number of fish sourced from each site and the sample IDs (Ta) containing 






























3 0 0 2 2 7 
1C 3 - 0 0 0 0 0 0 
3C 1 - 0 0 0 0 0 0 
4 3 Ta71 0 0 0 1 0 1 
4 4 Ta74 0 0 0 2 0 2 




Ta33, Ta53 0 0 2 3 0 5 
6B 4 Ta45, Ta46 0 0 1 1 0 2 




Ta78 2 0 1 2 0 5 
7D 3 Ta42, Ta44 1 0 1 3 0 5 
9B 5 Ta15, Ta18 0 0 2 1 0 3 
9E 3 Ta26 1 0 0 0 0 1 
10 1 - 0 0 0 0 0 0 
10 1 Ta51 1 0 0 2 0 3 
11E 3 Ta3 1 0 0 0 0 1 
11F 3 Ta9, Ta10 0 0 1 1 6 8 
13B 3 Ta20 1 0 0 0 0 1 








Ta36, Ta38 1 0 0 13 0 14 
18A 2 - 0 0 0 0 0 0 
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3.8.2 Site location comparison in tilapia gastrointestinal tract contents 
Samples were sourced from site 9 (Bridge Island), with CTGI from site 9E and 
WTGI from site 9B. Bead and fibre were found in fish from both sites, with a 
microplastic fragment seen in the GIT contents from a CT in site 9E (Table 3.24). 
In the 4 CT from site 9B (Bridge Island), their GIT contents contained a total of 3 
microplastics, found in in 3 of the 4 fish (GI2, GI3 and GI4). In the 1 WT from site 
9E (Bridge Island), 2 microplastics were identified in this sample (GI5).  
A total 4 microplastic pieces (75%) were identified in the CT from site 9B, with 
only 1 microplastic (25%) identified in the WT from site 9E. The GIT contents 
sourced from the site where caged fish were analysed contained more 
microplastics than fish sourced from the site where wild fish were sourced, but 





















GI4 1 0 0 1 1 3 
9E 1 GI5 0 0 0 1 1 2 
 
Table 3.24 Site location comparison with microplastic presence in tilapia 
gastrointestinal tract contents. This table shows the presence of the different 
microplastic (MP) types at each site location where caged tilapia gastrointestinal tract 
contents samples (n=4) and wild tilapia gastrointestinal tract contents samples (n=1) 
were analysed in this study. The site location in blue (site 9B) is where caged tilapia were 
analysed and the location in green (site 9E) is where wild tilapia were analysed. The total 






3.8.3 Site location comparison in tilapia intact gastrointestinal tracts  
GIT samples were sourced from fish from sites 1A and 1B (Dunga), 4 (Uyoma 
point), 7B (Mbeo cages) and 18A (Sori Bay), with all fish analysed at these sites 
found to contain microplastics (Table 3.25). In the one WT from site 1A (Dunga), 
3 microplastics were identified in this sample (GIT15). In the one CT from site 1B 
(Dunga), 6 microplastics were identified in this sample (GIT19).  
In the one CT from site 4 (Uyoma point), 6 microplastics were identified in this 
sample (GIT6). In the one WT from site 4 (Uyoma point), 3 microplastics were 
identified in this sample (GIT7). In the one CT from site 7B (Mbeo cages), 7 
microplastics were identified in this sample (GIT10). In the one WT from site 18A 
(Sori Bay), 2 microplastics were identified in this sample (GIT13).  
The bead was the most prevalent microplastic type among the sites, with 20 beads 
out of the total of 28 microplastics identified overall. Beads were most common in 
fish at site 4, with a total of 9 beads identified in both CT and WT harvested from 
here.  A total of 19 microplastics were identified in the CT, compared to a total of 
9 microplastics identified in the WT. The GIT samples sourced from the sites where 
caged fish were analysed contained more microplastics than fish sourced from the 



























1A 1 GIT15 1 0 0 0 2 3 
1B 1 GIT19 6 0 0 0 0 6 
4 1 GIT6 0 0 0 0 6 6 
4 1 GIT7 0 0 0 0 3 3 
7B 1 GIT10 0 0 0 0 7 7 
18A 1 GIT13 0 0 1 0 2 3 
 
Table 3.25 Site location comparison with microplastic presence in tilapia intact 
gastrointestinal tracts. This table shows the presence of the different microplastic (MP) 
types at each site location where caged tilapia intact gastrointestinal tract samples (n=3) 
and wild tilapia intact gastrointestinal tract samples (n=3) were analysed in this study. 
The site locations in blue (site 1B) are where caged tilapia were analysed and the locations 
in green (site 1A) are where wild tilapia were analysed. The total number of fish sourced 
from each site and the sample IDs (GIT) containing microplastics is shown.   
 
 
3.9 Comparison of microplastic presence in caged versus wild tilapia 
samples of muscle, gastrointestinal tract contents and intact 
gastrointestinal tracts 
 
Of the 81 microplastic pieces found in 38 (48%) of the 80 tilapia muscles analysed 
in this study, 35 (43%) of these were found in CT (n=42) and 46 (57%) 
microplastics were found in WT (n=38) (Figure 3.26). 
Five microplastic pieces were identified in 4 analysed tilapia GIT contents. Three 
of these microplastics were found in CT (n=4) and 2 were found in WT (n=1). 
Twenty-eight microplastic pieces were identified in all 6 of the analysed tilapia 
intact GITs, with 19 (68%) found in CT (n=3) and 9 (32%) in WT (n=3).  
A greater number of microplastics were found in the muscle of wild tilapia than 
farmed/caged, however more microplastics were found in the GIT (contents and 





Figure 3.26 Comparison of microplastic content in caged vs wild tilapia samples.  
The graph shows a comparison of microplastic content in caged vs wild tilapia samples of 
the 3 different tilapia parts analysed (muscle, gastrointestinal tract contents (GI) and 
intact gastrointestinal tracts (GIT)). Total amount of microplastics (MP) identified in both 
caged (CT) and wild tilapia (WT) (shown in blue), vs total amount of MP found in CT (shown 
in orange), vs total amount of MP found in WT (shown in grey). X axis, categories used to 
show the 3 different tilapia parts analysed (fish muscle (n=80), fish GI (n=5) and fish GIT 































Fish muscle Fish GI Fish GIT
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3.9.1 Comparison of microplastic type presence in tilapia muscle versus 
gastrointestinal tract contents versus intact gastrointestinal tracts 
 
In the muscle samples, fibre (n=35) was the most identified microplastic type 
(Figure 3.27), with foam (n=1) as the least identified type. Fragments (n=27), 
films (n=10) and beads (n=8) were also identified. In the GIT contents, both fibre 
(n=2) and bead (n=2) were the most identified microplastic type, one fragment 
was identified, and no foam or film (n=0) were identified. In the intact GITs, bead 
(n=20) was the most identified microplastic type, with fragment (n=7) and film 
(n=1) also identified, and no foam or fibre (n=0).  
 
 
Figure 3.27 Comparison of microplastic types present in tilapia muscle vs 
gastrointestinal tract contents vs intact gastrointestinal tracts. This graph shows 
a comparison of the total amount of each microplastic type identified in tilapia muscle 
(n=80) (shown in green) vs tilapia gastrointestinal tract contents (n=5) (shown in blue) 
vs tilapia intact gastrointestinal tracts (n=6) (shown in yellow). X axis, categories used to 
show the 5 different structural types of microplastic identified (fragment, foam, film, fibre 
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3.9.2 Comparison of microplastic type presence in caged versus wild 
tilapia samples of muscle, gastrointestinal tract contents and intact 
gastrointestinal tracts 
 
In the muscle samples, of the 35 fibres identified, 21 were identified in CT, while 
14 were identified in WT. Of the 27 fragments identified, 8 were identified in CT, 
while 19 were identified in WT (Figure 3.28). Of the 10 films identified, 4 were 
identified in CT, while 6 were identified in WT. Of the 8 beads identified, 2 were 
identified in CT, while 6 were identified in WT. No foams were identified in CT, 
while the one identified was in WT. Fibre was identified more in the muscle of CT 
than WT, while fragment, bead, film and foam were identified more in the muscle 
of WT than CT. 
In the GIT contents samples, of the 2 beads identified, 1 was identified in CT and 
1 was identified in WT. Of the 2 fibres identified, 1 was identified in CT and 1 was 
identified in WT. The one fragment identified was in CT, while none were identified 
in WT. No foams or films were identified in the GIT contents of CT or WT. Fibre 
and bead were the most identified types in the GIT contents of both CT and WT, 
but an additional fragment was found in the CT than WT. 
In the intact GIT samples, of the 20 beads identified, 13 were identified in CT, 
while 7 were identified in WT. Of the 7 fragments identified, 6 were identified in 
CT, while 1 was identified in WT. No films were identified in CT, while the 1 
identified was in WT. No foams or fibres were identified in the GIT of CT or WT. 
Bead and fragment were identified more in the intact GIT of CT than WT, while 





Figure 3.28 Comparison of microplastic type presence in caged vs wild tilapia 
samples of muscle, gastrointestinal tract contents and intact gastrointestinal 
tracts. This graph shows a comparison between caged and wild tilapia samples of muscle 
(n=80), gastrointestinal tract (GIT) contents (n=5) and intact GITs (n=6) analysed in this 
study and their presence for the different microplastic (MP) types (fragment, foam, film, 
fibre and bead). Results for caged tilapia muscle are shown in blue, wild tilapia muscle are 
shown in orange, caged tilapia GIT contents are shown in grey, wild tilapia GIT contents 
are shown in yellow, caged tilapia intact GITs are shown in purple and wild tilapia intact 
GITs are shown in green. X axis, categories used to show the 5 different structural types 
of microplastics identified (fragment, foam, film, fibre and bead), and a sum of the total 
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3.10 Genomic DNA extraction 
Genomic DNA was extracted from the plastisphere on the surface of the 
microplastics identified in the tilapia samples (Table 3.29) and from the plastic 
macrolitter collected from Lake Victoria (Tables 3.30 and 3.31). DNA was assessed 
for its quality (260/280 and 260/230) and the quantity (ng/µl). Any samples with 
a negative value for the 260/230 ratios were noted as a low or seemingly negative 
ratio, which may be the result of a contaminant absorbing at 230 nm or less.  
Recovered DNA concentrations from the remaining samples were low, ranging 
from 1.77-13.54ng/µl in the fish samples and 6.708-19.93ng/µl from the 
macroplastic litter. The quality of the DNA was variable (0.86-3.48 for 260/280 
and -2.55-2.03 for 260/230), with low ratios at both 260/280 and 260/230 ratio 













Sample ID 260/280 260/230 ng/µl 
Ta7 DNA 1 1.87 1.35 3.303 
Ta7 DNA 2 1.77 1.99 2.429 
Ta18 DNA 1 1.34 -0.99 3.389 
Ta18 DNA 2 1.46 -1.04 2.736 
Ta20 DNA 1 1.87 -2.55 2.385 
Ta20 DNA 2 1.72 0.58 4.465 
Ta33 DNA 1 1.77 2.03 13.54 
Ta33 DNA 2 1.87 -2.26 6.784 
Ta44 DNA 1 1.88 -0.62 1.962 
Ta44 DNA 2 0.86 -0.99 2.244 
Ta48 DNA 1 1.42 -0.25 3.082 
Ta48 DNA 2 2.18 -0.43 3.668 
Ta61 DNA 1 1.79 -0.56 3.329 
Ta61 DNA 2 1.39 -0.89 3.377 
Ta66 DNA 1 1.35 -0.62 2.651 
Ta66 DNA 2 2.93 0.56 3.944 
Ta69 DNA 1 1.19 2.34 4.215 
Ta69 DNA 2 3.48 0.31 5.448 
Ta72 DNA 1 1.59 -0.36 2.547 
Ta72 DNA 2 1.01 -0.28 2.216 
GI5 DNA 1 2.1 -0.16 1.814 
GI5 DNA 2 1.58 -0.17 1.77 
GIT13 DNA 1 1.62 1.35 4.442 
GIT13 DNA 2 1.45 0.32 5.554 
 
Table 3.29 Quality and quantity of genomic DNA from microplastics in tilapia 
muscle, gastrointestinal tract contents and intact gastrointestinal tracts. The 
table shows the quality (260/280 & 260/230 ratios) and quantity (ng/µl) values for the 
chosen 6 tilapia muscle (Ta), 1 gastrointestinal tract contents (GI) and 1 intact 
gastrointestinal tract sample (GIT). Two microplastics in each sample were chosen and 
their plastispheres were extracted independently and then assessed, resulting in 2 DNA 
extractions per sample (DNA 1 and DNA 2). The genomic DNA was assessed using a 
Nanodrop 8000. Samples with a seemingly negative 260/230 ratio were indicative of 













Table 3.30 Quality and quantity of genomic DNA from macroplastic litter 
collected from Lake Victoria. The table shows the quality (260/280 & 260/230 ratios) 
and quantity (ng/µl) values for the chosen 3 different coloured fishing net strands and 1 
sandwich bag litter collected from Lake Victoria. Two DNA samples were extracted and 




Sample ID 260/280 260/230 ng/µl 
Blue net DNA 1 1.73 0.74 10.93 
Blue net DNA 2 1.64 0.58 12.91 
Green net DNA 1 1.52 0.61 11.45 
Green net DNA 2 1.66 0.73 9.919 
Yellow net DNA 1 1.81 0.84 9.594 
Yellow net DNA 2 1.58 0.46 7.183 
Sandwich bag DNA 1 1.62 0.70 19.93 
Sandwich bag DNA 2 1.68 1.06 14.75 
 
Table 3.31 Quality and quantity of genomic DNA from plastic litter collected from 
Lake Victoria – 2nd extraction. The table shows the quality (260/280 & 260/230 ratios) 
and quantity (ng/µl) values for the chosen 3 different coloured fishing net strands and 1 
sandwich bag litter collected from Lake Victoria. DNA extraction was repeated on another 
piece of the same sample. Two DNA samples were extracted and assessed per litter sample 
(DNA 1 and DNA 2). The genomic DNA was assessed using a Nanodrop 8000.  
 
 
Sample ID 260/280 260/230 ng/µl 
Blue net DNA 1 1.62 1.34 9.698 
Blue net DNA 2 1.57 0.79 10.67 
Green net DNA 1 1.81 0.94 6.708 
Green net DNA 2 1.76 0.58 6.876 
Yellow net DNA 1 1.99 1.05 10.49 
Yellow net DNA 2 1.52 0.63 10.16 
Sandwich bag DNA 1 1.61 2.59 13 
Sandwich bag DNA 2 1.83 1.53 14.52 
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3.11 Polymerase chain reaction 
PCR was carried out on all extracted genomic DNA. This included using primers to 
the 16S Ribosomal rRNA gene (Chakravorty et al., 2007), which aimed to 
determine if there was bacterial DNA present. In addition, several bacterial 
species-specific primer pairs were used to screen for presence or absence of key 
bacterial species. 
 
3.11.1 Presence of bacterial DNA 
Of the genomic DNA extracted from microplastics found in the 12 tilapia samples, 
Ta7, Ta20 and Ta48, were all positive for bacterial DNA presence using V3V6. 
Bands of the expected size (739bp) were present but were very faint, suggesting 
the level of bacterial DNA was detectable but low.  
All of the 8 extracted genomic DNA samples from the plastic litter collected from 
Lake Victoria also produced a band of the expected size using primers. Images of 
successful V3V6 PCRs are shown for samples of blue net (Figure 3.32), yellow net 
(Figure 3.33), green net (Figure 3.34), sandwich bag (Figure 3.35), Ta7 (Figure 






















Figure 3.32 A typical image of a positive V3V6 PCR of blue net DNA 1 (1st batch). 
This is a typical image of a positive result with the expected band size of 739bp for bacterial 
DNA presence in lane E of blue net DNA 1 sample. V3V6 primers (Chakravorty et al., 2007) 
were used, at an annealing temperature of 58°C. Lane A is the negative control and lanes 













Figure 3.33 Positive V3V6 PCR of yellow net DNA 1 and 2 (2nd batch). This image 
shows two PCRs – yellow net DNA 1 (left) and yellow net DNA 2 (right). There are positive 
results with the expected band size of 739bp for bacterial DNA presence in lanes C, D and 
E of yellow net DNA 1 (left) and lanes K, L and M of yellow DNA 2 (right). V3V6 primers 
(Chakravorty et al., 2007) were used, at an annealing temperature of 58°C. Lanes A and 
I are negative controls and lanes G and O are positive controls using Streptococcus uberis 
































Figure 3.34 Positive V3V6 PCR of green net DNA 1 and 2 (2nd batch). This image 
shows two PCRs – green net DNA 1 (left) and green net DNA 2 (right). There are positive 
results with the expected band size of 739bp for bacterial DNA presence in lanes C and E 
of yellow net DNA 1 (left) and lane M of yellow net DNA 2 (right). V3V6 primers 
(Chakravorty et al., 2007) were used, at an annealing temperature of 58°C. Lanes A and 
I are negative controls and lanes G and O are positive controls using Streptococcus uberis 


























Figure 3.35 Positive V3V6 PCR of sandwich bag DNA 1 and 2 (2nd batch). This image 
shows two PCRs – sandwich bag DNA 1 (left) and sandwich bag DNA 2 (right). There are 
positive results with the expected band size of 739bp for bacterial DNA presence in lanes 
C, D and E of sandwich bag DNA 1 (left) and lanes K and M of sandwich bag DNA 2 (right). 
V3V6 primers (Chakravorty et al., 2007) were used, at an annealing temperature of 58°C. 
Lanes A and I are negative controls and lanes G and O are positive controls using 



























Figure 3.36 Positive V3V6 PCR of tilapia muscle Ta7 DNA 1 and 2 (2nd batch). This 
image shows two PCRs – Ta7 DNA 1 (left) and Ta7 DNA 2 (right). There are positive results 
with the expected band size of 739bp for bacterial DNA presence in lanes D and E of Ta7 
DNA 1 (left) and lane M of Ta7 DNA 2 (right). V3V6 primers (Chakravorty et al., 2007) 
were used, at an annealing temperature of 58°C. Lanes A and I are negative controls and 
lanes G and O are positive controls using Streptococcus uberis DNA. Lanes B, F, J and N 















Figure 3.37 Positive V3V6 PCR of tilapia muscle Ta48 DNA 1 and 2 (2nd batch). This 
image shows two PCRs – Ta48 DNA 1 (left) and Ta48 DNA 2 (right). There are positive 
results with the expected band size of 739bp for bacterial DNA presence in lanes C, D and 
E of Ta7 DNA 1 (left) and lane K of Ta48 DNA 2 (right). V3V6 primers (Chakravorty et al., 
2007) were used, at an annealing temperature of 58°C. Lanes A and H are negative 
controls and lanes G and N are positive controls using Streptococcus uberis DNA. Lanes B, 
F, I and M are 1kb ladder (Promega) 
 
 
3.11.2 Streptococcus uberis  
Primers to sub0888 (Leigh et al., 2010) were used to determine if Streptococcus 
uberis was one of the species of bacteria present in the plastisphere that were 
isolated from the micro- and macroplastics. None of the samples were positive.  
 
3.11.3 Klebsiella pneumoniae 
Primers to tyrB (Heilbronn et al., 1999) were used to determine if Klebsiella 
pneumoniae was one of the species of bacteria present, however none of the 
samples were positive.  
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3.11.4 Escherichia coli 
Primers to uspA (Chen and Griffiths, 1998) and uidA (Heijnen and Medema, 2006) 
were used to determine if Escherichia coli was one of the species of bacteria 
present; none of the samples were positive.  
 
3.11.5 Campylobacter coli and Campylobacter jejuni  
Primers to porA, an outer membrane protein (Fontanot et al., 2014), and jej, 
which targets the 16S rRNA (Linton et al., 1997), were used to determine if 
Campylobacter coli or C. jejuni were one of the species of bacteria present; none 
of the samples were positive.  
 
3.11.6 Lactobacillus  
Primers to lact (Dubernet et al., 2002) were used to determine if Lactobacillus was 
one of the species of bacteria present, however none of the samples were positive. 
 
3.11.7 Summary of PCR results  
An overview of all the PCR results collected is shown in Tables 3.38 and 3.39. 
Tilapia muscle (Ta), gastrointestinal tract contents (GI) and intact gastrointestinal 












  Ta7 Ta18 Ta20 Ta33 Ta44 Ta48 Ta61 Ta66 Ta69 Ta72 
V3V6 + - + - - + - - - - 
Streptococcus 
uberis N.T N.T N.T N.T N.T N.T N.T N.T N.T N.T 
Klebsiella 
pnuemoniae N.T N.T N.T N.T N.T N.T N.T N.T N.T N.T 
Escherichia 
coli (uspA) N.T N.T N.T N.T N.T N.T N.T N.T N.T N.T 
Escherichia 
coli (uidA) N.T N.T N.T N.T N.T N.T N.T N.T N.T N.T 
Campylobacter 
coli (porA) - N.T N.T N.T N.T - N.T N.T N.T N.T 
Campylobacter 
jejuni (porA) - N.T N.T N.T N.T - N.T N.T N.T N.T 
Campylobacter 
coli (jej) - N.T N.T N.T N.T - N.T N.T N.T N.T 
Campylobacter 
jejuni (jej) - N.T N.T N.T N.T - N.T N.T N.T N.T 
Lactobacillus  - N.T N.T N.T N.T - N.T N.T N.T N.T 
 
 
Table 3.38 Overview of PCR results from tilapia samples. This table shows the PCR 
results collected for the 10 tilapia muscle samples (Ta7, Ta18, Ta20, Ta33, Ta44, Ta48, 
Ta61, Ta66, Ta69 and Ta72), screened with primers for V3V6, sub0888, tyrB, uspA, uidA, 
‘porA’, ‘jej’, and ‘lact’ primers. Positive PCR results are shown with a (+) and negative PCR 
results are shown with a (-). Not tested samples (N.T) was when primers were not tested 


























  Blue net Yellow net Green net Sandwich bag 
V3V6 + + + + 
Streptococcus 
uberis - - - - 
Klebsiella 
pnuemoniae - N.T N.T - 
Escherichia 
coli (uspA) - - - - 
Escherichia 
coli (uidA) - - - - 
Campylobacter 
coli (porA) N.T - N.T - 
Campylobacter 
jejuni (porA) N.T - N.T - 
Campylobacter 
coli (jej) N.T - N.T - 
Campylobacter 
jejuni (jej) N.T - N.T - 




Table 3.39 Overview of PCR results from macroplastic litter. This table shows the 
PCR results collected for the macroplastic litter and nets collected from Lake Victoria (blue 
net, yellow net, green net and sandwich bag), screened with primers for V3V6, sub0888, 
tyrB, uspA, uidA, ‘porA’, ‘jej’ and ‘lact’ primers. Positive PCR results are shown with a (+) 
and negative PCR results are shown with a (-). Not tested samples (N.T) was when primers 








The PCR products of V3V6 PCR were cloned for downstream sequencing with the 
aim of identifying the species of bacteria present. A TOPO TA cloning kit was used 
and white colonies were picked for further analysis (Figure 3.40). 
 
 
Figure 3.40 Cloned colonies from yellow net DNA 1. This image shows the white 
colonies that were obtained from a ligation of yellow net DNA 1 into the TA cloning vector 
pCR™2.1-TOPO® (Invitrogen). Only white colonies were circled, numbered on the plate 





3.12.1 Screening of colonies isolated 
White colonies were screened for presence of the inserted V3V6 product using 
M13 reverse and T7 primers, which anneal to the multiple cloning site of the 
pCR™2.1-TOPO® vector. Only 2 colonies (colony 9 and 11) from the yellow net 










Figure 3.41 PCR from colony from ligation with yellow net DNA 1 sample. This 
image shows the positive PCR using M13 reverse and T7 primers, which anneal to the 
multiple cloning site of the pCR™2.1-TOPO® vector. Lanes B and D show positive results 
with the expected band size. PCR was conducted at an annealing temperature of 58°C. 


















3.13 ESEM/EDX screening  
ESEM was used to provide high resolution images which facilitated the 
visualisation and characterisation of surfaces within the samples, as well as 
elemental compositions. This was used to screen for microplastics and biofilm 
presence and rule out any non-plastic artefacts.  
 
3.13.1 Screening of control samples 
In order to visualise and characterise what the introduced surfaces (e.g. the filter 
paper) and methodology used to prepare the samples (e.g. the KOH) were having 
on the potential ESEM results, several controls were incorporated into the 
screening.  
 
3.13.1.1 Filter paper with no reagents 
A section of plain Whatman microfibre filter paper, with no reagents, was analysed 
by ESEM/EDX screening as a control, highlighting any interference coming directly 
from the filter paper. The filter paper had a fibrous appearance (Figure 3.42A), 
that could have been misinterpreted as microfibres. EDX analysis of the filter 
paper (spectrum 124) detected low carbon (C) levels demonstrating that the 
material was non-organic (Figure 3.42D), there were also medium levels of silicon 
(Si) and oxygen (O) and trace levels barium (Ba) associated with the structure. 
Small spherical bead structures were also identified (spectrum 122 and 123), with 
EDX analyses highlighting medium levels of O and Si, and low levels of chlorine 
(Cl) and Ba associated with the structure in spectrum 122 (figure 3.42B), and 
similarly highlighting medium levels of O and Si, and low levels of Cl and Ba 





Figure 3.42 ESEM with EDX spectra of Whatman glass microfiber filters. (A) ESEM 
greyscale image taken of a Whatman glass microfiber filter (Sigma-Aldrich) used in this 
study. A scale was developed to group detected elements by their concentrations 
measured in cps/ev; >100 cps/ev is very high, 60-99 cps/ev is high, 20-59 cps/ev is 
medium, 10-19 cps/ev is low and <10 cps/ev is trace. (B) EDX spectra of spectrum 122 
showing medium levels of oxygen (O) and silicon (Si) and low levels of chlorine (Cl) and 





Figure 3.42 (continued) ESEM with EDX spectra of Whatman glass microfiber 
filters. (C) EDX spectra of spectrum 123 showing medium levels of oxygen (O) and silicon 
(Si) and low levels of chlorine (Cl) and barium (Ba) associated with the structure. (D) EDX 
spectra of spectrum 124 showing medium levels of O and Si and trace levels Ba associated 






3.13.1.2 Filter paper with KOH 
Filter paper with KOH (10% solution) was also analysed by ESEM/EDX screening 
as a control. The fibrous appearance of the filter paper was seen again on the 
greyscale EDX image (Figure 3.43A), however there were also clusters of lighter 
grey areas (spectrum 152). EDX analysis showed these having medium levels of 
potassium (K) (Figure 3.43C), Si levels were also lower here than observed on the 
filter paper alone. Spherical bead structures were identified (spectrum 151), with 
EDX analyses highlighting medium O, Si and K levels, and a K level was lower 
than that of filter paper alone (Figure 3.43B). There was also a low level of Ba and 




Figure 3.43 ESEM with EDX spectra of Whatman glass microfiber filters with 
potassium hydroxide. (A) ESEM greyscale image taken of a Whatman glass microfiber 
filter (Sigma-Aldrich) with potassium hydroxide (KOH) (10% solution) on its surface. (B) 
EDX spectra of spectrum 151 showing medium levels of oxygen (O), silicon (Si) and 
potassium (K), a low level of barium (Ba), and a trace level of carbon (C) associated with 
the structure in the image. (C) EDX spectra of spectrum 152 showing medium levels O, Si 




3.13.1.3 Filter paper with Nile Red and DAPI stains 
Filter paper that had been stained with Nile Red and DAPI was analysed by 
ESEM/EDX screening as a third control. The fibrous filter paper appearance was 
seen again on the greyscale EDX image, along with sphere shaped deposits across 
its surface (Figure 3.44A). These were focussed on for EDX analyses (spectrum 
128) and found medium levels of O, Si, Cl and sodium (Na) (Figure 3.44B) and 
trace levels of Ba, zinc (Zn) and aluminium (Al). Analysis of a second sphere 
(spectrum 129) was similar highlighting medium levels of O, Si, Cl and Na (Figure 
3.44C), however there were lower levels of O and Si and higher levels of Na and 




Figure 3.44 ESEM with EDX spectra of Whatman glass microfiber filters with Nile 
Red and DAPI stains. (A) ESEM greyscale image taken of a Whatman glass microfiber 
filter (Sigma-Aldrich) with Nile Red and DAPI stains on its surface. (B) EDX spectra of 
spectrum 128 showing medium levels of oxygen (O), silicon (Si), chlorine (Cl) and sodium 
(Na), and trace levels barium (Ba), zinc (Zn) and aluminium (Al) associated with the 
structure in the image. (C) EDX spectra of spectrum 129 showing medium levels O, Si, Cl 
and Na, and trace levels of Ba, Zn and Al associated with the structure. 
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3.13.1.4 Macroplastic litter and microbeads  
A selection of macroplastic litter and netting collected from Lake Victoria, plus 
extracted microbeads from the Clean & Clear facewash, were also analysed. These 
had been treated with KOH, Nile Red and DAPI stains. Their structure and 
elemental composition were recorded. ESEM grey scale and single-elemental-
coloured images were taken of these samples, however no EDX spectras were 
taken. 
ESEM screening of a mixture of microbeads and netting showed uniformly 
spherical structures and clusters of lighter grey areas, on the surface of a fibrous 
background material (Figure 3.45A). Single-elemental-coloured images taken of 
the same area, showed the strong association of Ba with the sphere structures 
(Figure 3.45G), with K (Figure 3.45D) and C (figure 3.45E) associated with the 
lighter grey areas. Si (Figure 3.45B), O (Figure 3.45C) and Na (Figure 3.45F) were 




Figure 3.45 ESEM greyscale with single-elemental-coloured images of 
macroplastic litter and microbeads. (A) ESEM greyscale image taken of a mixture of 
microbeads (extracted from 2017 Clean & Clear facewash) and netting collected from Lake 
Victoria. Single-elemental-coloured (SEC) images showing the presence of; (B) silicon (Si) 
associated with the structure within the image, (C) oxygen (O) associated with the 
structure, (D) potassium (K) associated with the structure, (E) carbon (C) associated with 
the structure, (F) sodium (Na) associated with the structure, (G) barium (Ba) associated 




3.13.1.5 Macroplastic litter without reagents  
Untreated macroplastic litter collected from Lake Victoria, with no reagents or filter 
paper present, was screened by ESEM and single-elemental-coloured images were 
taken, however no EDX spectras were taken. ESEM screening on one chosen area 
of this material showed numerous cube-shaped structures (Figure 3.46A), on the 
surface of a rougher material containing many grooves and pits. Single-elemental-
coloured images taken of the same area, showed O and calcium (Ca) were 
associated with the cube structures (Figure 3.46C and F). The presence of C 
(Figure 3.46B), O (Figure 3.46C) and Si (Figure 3.46D) were associated with the 
unsmooth background material. There were also lower levels of sulphur (S) 
(Figure 3.46E) and iron (Fe) (Figure 3.46G) associated with this structure within 
the image.  
ESEM screening on another chosen area on this material showed a larger (~900µm 
in length) elliptical shaped structure on a smoother material that was not uniform 
in appearance (Figure 3.47A). Single-elemental-coloured images taken of this 
same area, showed the structure to have a high content of O (Figure 3.47C), Ca 
(Figure 3.47D), phosphorus (P) (Figure 3.47F), with Ca and P specifically 
associated with this elliptical structure. Oxygen was also associated with the 
background material, as well as C (Figure 3.47B) with the latter not associated 
with the elliptical structure. There were also low levels of Si (Figure 3.47E) and Fe 




Figure 3.46 ESEM greyscale with single-elemental-coloured images of untreated 
macroplastic litter. (A) ESEM greyscale image taken of a section of macroplastic litter 
collected from Lake Victoria. Single-elemental-coloured (SEC) images showing the 
presence of; (B) carbon (C) associated with the structure within the image, (C) oxygen 
(O) associated with the structure, (D) silicon (Si) associated with the structure, (E) sulphur 
(S) associated with the structure, (F) calcium (Ca) associated with the structure and (G) 







Figure 3.47 ESEM greyscale with single-elemental-coloured images of untreated 
macroplastic litter. (A) ESEM greyscale image taken of a different section of 
macroplastic litter collected from Lake Victoria. Single-elemental-coloured (SEC) images 
showing the presence of; (B) carbon (C) associated with the structure within the image, 
(C) of oxygen (O) associated with the structure, (D) calcium (Ca) associated with the 
structure, (E) silicon (Si) associated with the structure, (F) phosphorus (P) associated with 






3.13.2 Screening of the macroplastic 
Untreated macroplastic litter collected from Lake Victoria was screened for 
potential biofilm and bacterial presence. 
 
3.13.2.1 Presence of diatoms on plastic litter 
Numerous different shaped diatoms (Figure 3.48) were identified. These included 
circular flukes, longer rods and 3D diatoms. The long thin shaped diatom in Figure 
3.48A was potentially identified as the genus Fragilaria. Circular diatoms (Figures 
3.48B, C and D) were tentatively identified as the genus Cocconeis. The cylindrical 
shaped diatom in Figure 3.48C was potentially identified as the genus Aulacoseira. 
The ellipsoid shaped diatom in Figure 3.48D was potentially identified as the genus 
Achnanthes and the rectangular diatom in Figure 3.48D was potentially identified 





Figure 3.48 ESEM greyscale images of diatoms found on plastic litter from Lake 
Victoria. These greyscale images taken on the ESEM show different shapes of diatoms 
identified (shown by blue ring and arrows) on the biofilm of a section of macroplastic litter 
collected from Lake Victoria. (A) shows a long rod-shaped diatom, potentially identified as 
from the diatom genus Fragilaria. (B) shows a collection of circular fluke shaped diatoms, 





Figure 3.48 (continued) ESEM greyscale images of diatoms found on plastic litter 
from Lake Victoria. These greyscale images taken on the ESEM show different shapes 
of diatoms identified (shown by blue rings and arrows) on the biofilm of a section of 
macroplastic litter collected from Lake Victoria. C) shows a circular diatom potentially 
identified as from the diatom genus Cocconeis and a cylindrical diatom potentially 
identified as from the genus Aulacoseira. (D) shows a group of different shaped 3D 
diatoms, which were tentatively identified as from the diatom genera Cocconeis, 





3.13.3 Screening of the filtered muscle  
The same filter paper samples used for fluorescent microscopy were sent for SEM 
analysis. These samples included 4 tilapia muscle samples (Ta18, Ta33, Ta44 and 
Ta48). ESEM screening included greyscale imaging, single-elemental-coloured 
imaging and EDX analysis.   
 
3.13.3.1 Filtered muscle - Ta18 
ESEM screening of the filtered muscle from sample Ta18 (CT, site 9B) identified a 
fibrous structure (Figure 3.49A), larger (>50µm in length) in size than the typical 
filter paper fibres observed (Figure 3.42A), with deposits on its outside structure; 
these were focussed on for EDX analyses. EDX analysis of these deposits 
(spectrum 44) showed high C and O levels (Figure 3.49B) and medium levels of 
Na, Si, K and Ba associated with them. EDX analysis of the larger fibrous structure 
(spectrum 45) had high levels of C, O and K (Figure 3.49C), with C and K levels 
higher and O level lower than the external deposits observed (spectrum 44). It 
also had trace levels of Ba, which were lower than observed in the external 
deposits (spectrum 44).  
Single-elemental-coloured (SEC) images were taken of the same area. These 
showed the presence of C (Figure 3.50D), Cl (Figure 3.50H) and S (Figure 3.50K), 
associated with the large fibrous structure.  
The presence of K (Figure 3.50A) and P (Figure 3.50G) were associated with both 
the fibrous structure and the background material. Presence of O (Figure 3.50B) 
and Na (Figure 3.50E) were associated with part of the large fibrous structure and 
the background material to the right of it.  
The presence of Si (Figure 3.50C) and Ca (Figure 3.50I) were associated with only 
the background material. The presence of Ba (Figure 3.50F) was associated with 
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the deposits on the outside of the fibrous structure, and the presence of 
magnesium (Mg) (Figure 3.50J) was associated with part of the background 
material to the right of the fibrous structure. 
A small elliptical structure (~7µm in length), shown by the blue arrow (Figure 
3.49A) was identified through SEC imaging, these highlighted the highest levels 
of K (Figure 3.50A), Cl (Figure 3.50H), Ca (Figure 3.50I) detected out of all the 




Figure 3.49 ESEM with EDX spectra of filtered muscle. (A) ESEM greyscale image 
taken of a filtered muscle sample (Ta18, caged tilapia, site 9B), containing potassium 
hydroxide (10% solution), Nile Red and DAPI stains. (B) EDX spectra of spectrum 44 
showing high levels of carbon(C) and oxygen (O), and medium levels of sodium (Na), 
silicon (Si), potassium (K) and barium (Ba). (C) EDX spectra of spectrum 45 showing high 








Figure 3.50 ESEM single-elemental-coloured images of filtered muscle. ESEM 
single-elemental-coloured (SEC) images taken of filtered muscle Ta18 (caged tilapia, site 
9B). SEC images showing the presence of; (A) potassium (K) associated with the structure 
within the image, (B) (O) associated with the structure within the image, (C) silicon (Si) 
associated with the structure, (D) carbon (C) associated with the structure, (E) sodium 
(Na) associated with the structure, (F) barium (Ba) associated with the structure, (G) 
phosphorus (P) associated with the structure, (H) chlorine (Cl) associated with the 
structure, (I) calcium (Ca) associated with the structure, (J) magnesium (Mg) associated 
with the structure and (K) sulphur (S) associated with the structure. 
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3.13.3.2 Filtered muscle – Ta33 
ESEM screening of the filtered muscle from sample Ta33 (wild tilapia, site 4D) 
identified another larger (>30µm in length) fibrous structure (Figure 3.51A) 
running down the centre of the image shown and larger in size than the filter 
paper fibres (Figure 3.42A), with deposits on its outside surface. Single-elemental-
coloured images were taken of this same area and showed the presence of C 
associated only with the large fibrous structure (Figure 3.51E). The presence of Si 
(Figure 3.51B) was exclusively associated with the background material. The 
presence of K (Figure 3.51D) was associated with all structures in the image, with 
lower levels of O (Figure 3.51C) and Na (Figure 3.51F) also associated with all 
structures. The presence of Ba was only associated with the outside deposits on 
the larger fibrous structure, and deposit clusters on the background material 





Figure 3.51 ESEM greyscale with single-elemental-coloured images of filtered 
muscle. (A) ESEM greyscale image taken of a section of filtered muscle sample Ta33 (wild 
tilapia, site 4D). Single-elemental-coloured (SEC) images showing the presence of; (B) 
silicon (Si) associated with the structure within the image, (C) oxygen (O) associated with 
the structure, (D) potassium (K) associated with the structure, (E) calcium (C) associated 
with the structure, (F) sodium (Na) associated with the structure and (G) barium (Ba) 




3.13.3.3 Filtered muscle – Ta44 
ESEM greyscale screening of the filtered muscle from sample Ta44 (wild tilapia, 
site 7D) identified a larger (>75µm in length) darker grey structure on top of the 
fibrous background material (Figure 3.52A). The fibrous background had two small 
deposits similar to those observed in the other muscle samples. Single-elemental-
coloured images were taken of this same area and showed the presence of C 
(Figure 3.52C) associated with only the darker grey structure. The presence of Si 
(Figure 3.52B), O (Figure 3.52D) and Na (Figure 3.52E) were only associated with 
the fibrous background material. The presence of Ba (Figure 3.52F) and Ca (Figure 
3.52G) were associated exclusively with the two deposits on the background 




Figure 3.52 ESEM greyscale with single-elemental-coloured images of filtered 
muscle. (A) ESEM greyscale image taken of a section of filtered muscle sample Ta44 (wild 
tilapia, site 7D). Single-elemental-coloured (SEC) image showing the presence of; (B) 
silicon (Si) associated with the structure within the image, (C) carbon (C) associated with 
the structure, (D) oxygen (O) associated with the structure, (E) sodium (Na) associated 
with the structure, (F) barium (Ba) associated with the structure and (G) calcium (Ca) 





3.13.3.4 Filtered muscle – Ta48 
ESEM greyscale screening of the filtered muscle from sample Ta44 (wild tilapia, 
site 15D) identified an artefact (>75µm in length), with a rough structural 
appearance (Figures 3.53A and 3.54A), which was on top of the fibrous 
background material. Single-elemental-coloured images were taken of this same 
area and showed the presence Ca (Figure 3.53F) and P (Figure 3.53G) exclusively 
associated with this artefact. Higher levels of C (Figure 3.54H) and Mg (Figure 
3.54I) were observed in this artefact when compared to the background structure. 
K (Figure 3.53D) was also associated with this artefact, but its presence was not 
uniform across the structure. The presence of O (Figure 3.53B) and Na (Figure 
3.53E) were similarly associated with the fibrous background material and a 
smaller area potentially on the surface of this artefact. There were also small areas 
of Ba (Figure 3.54J) and Cl (Figure 3.54K) associated with the artefact. The 
presence of Si (Figure 3.53C) was higher in the fibrous background material than 




Figure 3.53 ESEM greyscale with single-elemental-coloured images of filtered 
muscle. (A) ESEM greyscale image taken of a section of filtered muscle sample Ta48 (wild 
tilapia, site 15D). Single-elemental-coloured (SEC) image showing the presence of; (B) 
oxygen (O) associated with the structure within the image, (C) silicon (Si) associated with 
the structure, (D) potassium (K) associated with the structure, (E) sodium (Na) associated 
with the structure, (F) calcium (Ca) associated with the structure and (G) phosphorus (P) 






Figure 3.54 ESEM greyscale with single-elemental-coloured images of filtered 
muscle. (A) ESEM greyscale image taken of a section of filtered muscle sample Ta48 (wild 
tilapia, site 15D). Single-elemental-coloured (SEC) image showing the presence of; (H) 
carbon (C) associated with the structure within the image, (I) magnesium (Mg) associated 
with the structure, (J) barium (Ba) associated with the structure and (K) chlorine (Cl) 





3.13.4 Screening of the filtered gastrointestinal tract contents 
The same filter paper sample used for fluorescent microscopy was sent for SEM 
analysis. One filtered GIT contents sample was sent for ESEM screening (GI5). 
ESEM screening included greyscale imaging, single-elemental-coloured imaging 
and EDX analysis.   
 
3.13.4.1 Filtered gastrointestinal tract contents – GI5 
ESEM greyscale screening of the filtered GIT contents from sample GI5 (wild 
tilapia, site 9E) identified an artefact (>75µm in length), with a mesh structural 
appearance (Figures 3.55A), with paler grey deposits on its surface. This artefact 
was on top of the fibrous background material. Single-elemental-coloured images 
were taken of this same area and showed high levels of C (Figure 3.55D) only 
associated with this mesh artefact.  
Higher levels of O (Figure 3.55B) were associated with the mesh artefact 
compared to the fibrous background material and the pale grey deposits observed 
on the mesh structure. The presence of Si (Figure 3.55E) was only associated with 
the fibrous background material. The presence of K (Figure 3.55C) was associated 
with the deposits on top of the mesh artefact, with no C present in areas where K 
was present on the mesh artefact. The presence of an area rich in Cl (Figure 3.55F) 
was also associated with some of the deposits seen in the greyscale image, and 
there was also no C present where the Cl deposits were. The deposits observed 






Figure 3.55 ESEM greyscale with single-elemental-coloured images of filtered 
gastrointestinal tract contents. (A) ESEM greyscale image taken of a section of filtered 
gastrointestinal tract contents sample GI5 (wild tilapia, site 9E). Single-elemental-
coloured (SEC) image showing the presence of; (B) oxygen (O) associated with the 
structure within the image, (C) potassium (K) associated with the structure, (D) carbon 
(C) associated with the structure, (E) silicon (Si) associated with the structure and (F) 




3.13.5 Screening of the unfiltered muscle  
Four untreated muscle samples (Ta20, Ta66, Ta69 and Ta72) were also sent for 
ESEM screening. ESEM screening included greyscale imaging, single-elemental-
coloured imaging and EDX analysis.   
 
3.13.5.1 Unfiltered muscle – Ta20 
3.13.5.1.1 Spectrum 18 and 19 
Analysis of the unfiltered muscle from sample Ta20 (caged tilapia, site 13B) 
identified a group of fibrous rectangular structures, similar to that of microfibres, 
ranging from ~10 to 30µm in length (Figure 3.56A). Two of these fibre-like 
structures were focussed on for EDX analyses, see spectrum 18 (Figure 3.56B) 
and spectrum 19 (Figure 3.56C). EDX analysis of the structure analysed in 
spectrum 18 found it to have a high C level (Figure 3.56B), medium levels of O 
and Si, and a trace amount of Na associated with it. EDX analysis on another of 
these fibrous structures (spectrum 19) was similar, with a high C level (Figure 
3.56C) and a medium level of O associated with it. However, its Si and Na levels 
were both lower than that found in the first structure analysed (spectrum 18). In 
both structures, trace levels of Al, Mg, P, S, Ca, Ba, Zn and titanium (Ti) were also 
detected.  
Single-elemental-coloured images were also taken of this same area. A high level 
of Si (Figure 3.57G) was associated exclusively with the fibrous rectangular 
structures. The presence of O (Figure 3.57B) was also associated with these 
fibrous structures and the background material. The presence of C (Figure 3.57A), 
P (Figure 3.57C), K (Figure 3.57D) and S (Figure 3.57E) were all associated 
exclusively with the background material. There were also high levels of Ti (Figure 




Figure 3.56 ESEM with EDX spectra of unfiltered muscle. (A) ESEM greyscale image 
taken of a section of unfiltered muscle sample (Ta20, caged tilapia, site 13B), showing 
group of fibrous rectangular structures. (B) EDX spectra of spectrum 18 showing a high 
level of carbon (C), medium levels of oxygen (O) and silicon (Si), and a trace amount of 
sodium (Na) associated with the structure. (C) EDX spectra of spectrum 19 showing a high 





Figure 3.57 ESEM single-elemental-coloured images of unfiltered muscle. ESEM 
single-elemental-coloured (SEC) images taken of a section of unfiltered muscle sample 
Ta20 (caged tilapia, site 13B). SEC image showing the presence of; (A) carbon (C) 
associated with the structure within the image, (B) oxygen (O) associated with the 
structure, (C) phosphorus (P) associated with the structure, (D) potassium (K) associated 
with the structure, (E) sulphur (S) associated with the structure, (F) titanium (Ti) 





3.13.5.1.2 Spectrum 20 and 21 
The two areas identified in sample Ta20 as having a high Ti content (Figure 3.57F), 
were screened further. Analysis identified an artefact (~7µm in length) with a 
different appearance to the background structure (Figure 3.58A). This artefact and 
the background structure were focussed on for EDX analyses, see spectrum 20 
(Figure 3.58B) and spectrum 21 (Figure 3.58C). EDX analysis of the artefact 
analysed in spectrum 20 found it to have a high C level (Figure 3.58B) and medium 
levels of O and Ti associated with it. EDX analysis of the background structure 
analyses in spectrum 21 found it to have a very high C level (Figure 3.58C) and 
medium level of O associated with it. There were only trace levels of Ti detected 
in the background material (spectrum 21).  
Single-elemental-coloured images were also taken of this same area. High levels 
of Ti (Figure 3.59F) were associated exclusively with the artefact marked by 
spectrum 20. The presence of C (Figure 3.59A) and S (Figure 3.59E) were 
associated only with the background structure. Higher levels of O (Figure 3.59B) 
were observed in the artefact when compared to the background structure, while 
P (Figure 3.59C) and K (Figure 3.59D) were associated with both the artefact and 
the background material. The artefact and background structure when compared 




Figure 3.58 ESEM with EDX spectra of unfiltered muscle. (A) ESEM greyscale image 
taken of a different section of unfiltered muscle sample (Ta20, caged tilapia, site 13B), 
showing an artefact. (B) EDX spectra of spectrum 20 showing a high level of carbon (C), 
and medium levels of oxygen (O) and titanium (Ti) associated with the structure. (C) EDX 
spectra of spectrum 21 showing a very high level of C, a medium level of O, and a trace 




Figure 3.59 ESEM single-elemental-coloured images of unfiltered muscle. ESEM 
single-elemental-coloured (SEC) images taken of a different section of unfiltered muscle 
sample Ta20 (caged tilapia, site 13B). SEC image showing the presence of; (A) carbon (C) 
associated with the structure within the image, (B) oxygen (O) associated with the 
structure, (C) phosphorus (P) associated with the structure, (D) potassium (K) associated 
with the structure, (E) sulphur (S) associated with the structure, and (F) titanium (Ti) 






3.13.5.1.3 Spectrum 26, 27 and 28 
Analysis of a different section of the unfiltered muscle from sample Ta20 identified 
another larger artefact with a similar structure to that seen in Figure 3.58A. ESEM 
greyscale screening identified an artefact with a rough surface (~50µm in length), 
which had a different appearance to the background structure (Figure 3.60A). This 
artefact and two different locations on the background structure were focussed on 
for EDX analyses, see spectrum 26 (Figure 3.60B), spectrum 27 (Figure 3.60C) 
and spectrum 28 (Figure 3.60D).  
EDX analysis of the structure analysed in spectrum 26 found it to have a very high 
C level (Figure 3.60B), a high level of Ti and a medium level of O associated with 
it. EDX analysis of the background material analysed in spectrum 27 found it to 
have a high C level (Figure 3.60C), with C level higher than in the artefact 
observed (spectrum 26). It also had a medium level of O, and a trace amount of 
Ti associated with it. EDX analysis of a different section of the background 
structure (spectrum 28) was similar and showed a very high C level (Figure 
3.60D), with C level lower than that of the other background structure analysed 
(spectrum 27). It also had a medium level of O and a trace amount of Ti associated 
with it. The two sections of the background structure analysed had similar 






Figure 3.60 ESEM with EDX spectra of unfiltered muscle. (A) ESEM greyscale image 
taken of a different section of unfiltered muscle sample (Ta20, caged tilapia, site 13B), 
showing an artefact. (B) EDX spectra of spectrum 26 showing a very high level of carbon 








Figure 3.60 (continued) ESEM with EDX spectra of unfiltered muscle. (C) EDX 
spectra of spectrum 27 showing a very high level of carbon (C), a medium level of oxygen 
(O) and a trace level of titanium (Ti) associated with the structure. (D) EDX spectra of 
spectrum 28 showing a very high level of carbon (C), a medium level of oxygen (O) and 






3.13.5.1.4 Spectrum 35 
Analysis of another different section of the unfiltered muscle from sample Ta20, 
by ESEM greyscale imaging, identified a fibre-like artefact (~25µm in length), 
lodged into the background structure (Figure 3.61A). Only this fibre-like artefact 
was focussed on for EDX analysis, see spectrum 35 (Figure 3.61B). EDX analysis 
of the fibre-like artefact observed (spectrum 35) found it to have a high level of C 
(Figure 3.61B) and medium levels of O and Fe associated with it. However no EDX 







Figure 3.61 ESEM with EDX spectra of unfiltered muscle. A) ESEM greyscale image 
taken of a different section of unfiltered muscle sample (Ta20, caged tilapia, site 13B), 
showing a fibre-like artefact. (B) EDX spectra of spectrum 35 showing a high level of 




3.13.5.2 Unfiltered muscle – Ta66 
3.13.5.2.1 Spectrum 107 and 108 
Analysis of the unfiltered muscle from sample Ta66 (caged tilapia, site 1B) 
identified a spherical bead shaped artefact (~20µm in length), which had a rough 
surface (Figure 3.62A). This bead and the background structure were focussed on 
for EDX analyses, see spectrum 107 (Figure 3.62B) and spectrum 108 (Figure 
3.62C). EDX analysis of the bead analysed in spectrum 107 found it to have very 
high levels of C and O (Figure 3.62B), and medium levels of Cu, Zn, Al and Si 
associated with it. EDX analysis of the background structure analysed in spectrum 
108 showed it to have a very high C level and a high O level (Figure 3.62C). Higher 
levels of C, but lower levels of O were observed in the background structure when 
compared to the bead. It also had trace amounts of P, S and K. 
Single-elemental-coloured images were also taken of this same area. High levels 
of Zn (Figure 3.63F) and Cl (Figure 3.63G) were associated exclusively with the 
bead-shaped artefact. The presence of O (Figure 3.63B) was associated with both 
the artefact and the background material. A higher level of O was observed in the 
bead when compared to the background structure. The presence of C (Figure 
3.63A) was associated with the background material and potentially part of the 
bead, however this was a very small area of C on the bead, with C presence higher 
in the background structure. The presence of K (Figure 3.63C), P (Figure 3.63D) 
and S (Figure 3.63E) were associated with the background material and bead 
artefact. The bead identified had a different composition compared to the 




Figure 3.62 ESEM with EDX spectra of unfiltered muscle. A) ESEM greyscale image 
taken of a section of unfiltered muscle sample (Ta66, caged tilapia, site 1B), showing a 
bead-like artefact. (B) EDX spectra of spectrum 107 showing very high levels of carbon 
(C) and oxygen (O), and medium levels of copper (Cu), zinc (Zn), aluminium (Al) and 
silicon (Si) associated with the structure. (C) EDX spectra of spectrum 108 showing a very 
high level of C and a high level of O, and trace amounts of phosphorus (P), sulphur (S) 




Figure 3.63 ESEM single-elemental-coloured images of unfiltered muscle. ESEM 
single-elemental-coloured (SEC) images taken of a section of unfiltered muscle sample 
Ta66 (caged tilapia, site 1B). SEC image showing the presence of; (A) carbon (C) 
associated with the structure within the image, (B) oxygen (O) associated with the 
structure, (C) potassium (K) associated with the structure, (D) phosphorus (P) associated 
with the structure, (E) sulphur (S) associated with the structure, (F) zinc (Zn) associated 
with the structure, and (G) chlorine (Cl) associated with the structure. 
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3.13.5.2.2 Spectrum 118 
ESEM greyscale screening of a different section analysed from the unfiltered 
muscle sample from Ta66 identified a triangular-like fragment (~30µm in length) 
(Figure 3.64A), lodged into the background structure. This fragment observed was 
focussed on only for EDX analysis, see spectrum 118 (Figure 3.64B). EDX analysis 
of the structure analysed in spectrum 118 found it to have high level of C and O 
(Figure 3.64B), and low levels of nickel (Ni), Cu, Cl and Zn associated with it. 
However no EDX analysis of the background structure was performed here.    
Single-elemental-coloured images were taken of this same area. There were high 
levels of Cl (Figure 3.65F), Na (Figure 3.65G) and Ni (Figure 3.65I) associated 
exclusively with the triangular-like fragment observed. The presence of C (Figure 
3.65A) and P (Figure 3.65E) were associated only with the background material. 
The presence of O (Figure 3.65B), S (Figure 3.65C), K (Figure 3.65D) and Ca 
(Figure 3.65H) were all associated with both the fragment and background 
material, with K and Ca levels across both structures being lower than that of O 
and S levels. The triangular-like fragment identified had a different composition 




Figure 3.64 ESEM with EDX spectra of unfiltered muscle. A) ESEM greyscale image 
taken of a different section of unfiltered muscle sample (Ta66, caged tilapia, site 1B), 
showing a fragment-like artefact. (B) EDX spectra of spectrum 118 showing high levels of 
carbon (C) and oxygen (O), and low levels of nickel (Ni), cupper (Cu), zinc (Zn) and 





Figure 3.65 ESEM single-elemental-coloured images of unfiltered muscle. ESEM 
single-elemental-coloured (SEC) images taken of a different section of unfiltered muscle 
sample Ta66 (caged tilapia, site 1B). SEC image showing the presence of; (A) carbon (C) 
associated with the structure within the image, (B) oxygen (O) associated with the 
structure, (C) sulphur (S) associated with the structure, (D) potassium (K) associated with 
the structure, (E) phosphorus (P) associated with the structure, (F) chlorine (Cl) associated 
with the structure, (G) sodium (Na) associated with the structure, (H) calcium (Ca) 









3.13.5.3 Unfiltered muscle – Ta69 
Analysis of the unfiltered muscle sample from Ta69 (caged tilapia, site 4) as shown 
by ESEM greyscale imaging, identified a sphere-shaped artefact (~20µm in length) 
(Figure 3.66A). Only this sphere-shaped artefact was focussed on only for EDX 
analysis, see spectrum 69 (Figure 3.66B). EDX analysis of the sphere-shaped 
artefact analysed in spectrum 69 found it to have a medium level of C (Figure 
3.66B) and low levels of O, P and K associated with it. However no EDX analysis 






Figure 3.66 ESEM with EDX spectra of unfiltered muscle. A) ESEM greyscale image 
taken of a different section of unfiltered muscle sample (Ta69, caged tilapia, site 4), 
showing a bead-like artefact. (B) EDX spectra of spectrum 69 showing a medium level of 
carbon (C) and low levels of oxygen (O), phosphorus (P) and potassium (K) associated 
with the structure.  
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3.13.5.4 Unfiltered muscle – Ta72 
3.13.5.4.1 Spectrum 100 
Analysis of the unfiltered muscle from sample Ta72 (wild tilapia, site 4) identified 
a group of elliptical shaped rods, which ranged in length from ~5-10µm (Figure 
3.67A). Only one of these rods was focussed on for EDX analysis, see spectrum 
100 (Figure 3.67B). EDX analysis of the rod structure analysed in spectrum 100 
found it to have very high levels of C and O (Figure 2.67B), and a medium level 
of P associated with it. There were also low levels of Mg and Ca associated it. 






Figure 3.67 ESEM with EDX spectra of unfiltered muscle. A) ESEM greyscale image 
taken of a section of unfiltered muscle sample (Ta72, wild tilapia, site 4), showing a group 
of elliptical shaped rods. (B) EDX spectra of spectrum 100 showing very high levels of 
carbon (C) and oxygen (O), a medium level of phosphorus (P) and low levels of magnesium 




3.13.5.4.2 Spectrum 103 and 104 
ESEM greyscale screening of a different section of the unfiltered muscle from 
sample Ta72 identified two artefacts with different structural appearances to the 
background structure (Figure 3.68A). These two artefacts were focussed on for 
EDX analyses, see spectrum 103 (Figure 3.68B) and spectrum 104 (Figure 3.68B). 
EDX analysis of the larger artefact (~50µm in length) analysed in spectrum 103 
found it to have very high levels of C and O (Figure 3.68B), and a high level of Ca 
associated it. EDX analysis of the other smaller artefact (~20µm in length) in 
spectrum 104 found it to have a high level of C (Figure 3.68C), and medium levels 
of O, P and Ca associated with it. These two artefacts identified had similar 
elemental compositions, however the larger structure observed in spectrum 103 
had a higher content of C, O and Ca, compared to the smaller structure observed 






Figure 3.68 ESEM with EDX spectra of unfiltered muscle. A) ESEM greyscale image 
taken of a different section of unfiltered muscle sample (Ta72, wild tilapia, site 4), showing 
two artefacts. (B) EDX spectra of spectrum 103 showing very high levels of carbon (C) 
and oxygen (O), and a high level of calcium (Ca) associated with the structure. (C) EDX 
spectra of spectrum 104 showing a high level of C, and medium levels of O, P and Ca 
associated with the structure.  
168 
 
3.13.5.4.3 Spectrum 105 and 106 
ESEM greyscale screening of a different section of the unfiltered muscle from 
sample Ta72 identified two fibre-like structures with a fragment structure located 
between them (Figure 3.69A). One of the fibres and the fragment were focussed 
on for EDX analyses, see spectrum 105 (Figure 3.69B) and spectrum 106 (Figure 
3.69C). EDX analysis of the fibre-like structure analysed in spectrum 105 found it 
to have very high levels of C and Si (Figure 3.69B), and a medium level of O 
associated with it. EDX analysis of the fragment structure analysed in spectrum 
106 found it to have high levels of C, Zn and Na (Figure 3.69C), medium levels of 
O and Si and a trace amount of chromium (Cr) associated with it.  
Single-elemental-coloured images were also taken of this same area. A high 
presence of Si (Figure 3.70B) was associated exclusively with the two fibre-like 
structures. There was a high presence of Cl (Figure 3.70G) and Zn (Figure 3.70I) 
associated only with the fragment between the fibres, and an additional small area 
of Cl located below the fragment. The presence of O (Figure 3.70C) and P (figure 
3.70F) were associated with the background structure and the two fibre-like 
structures observed. Higher levels of O were also observed in the fragment when 
compared to the two fibres or the background structure. The presence of C (Figure 
3.70A) and K (Figure 3.70D) were associated exclusively with the background 
structure. The presence of S (Figure 3.70E) was associated with the fragment 
identified and the background structure, with a higher level of S observed in the 
fragment when compared to the background structure. The fibre-like structure 
observed in spectrum 105, had a different elemental composition to the fragment 




Figure 3.69 ESEM with EDX spectra of unfiltered muscle. A) ESEM greyscale image 
taken of a different section of unfiltered muscle sample (Ta72, wild tilapia, site 4), showing 
two fibre-like structures and a fragment. (B) EDX spectra of spectrum 105 showing very 
high levels of carbon (C) and silicon (Si), and a medium level of oxygen (O) associated 
with the structure. (C) EDX spectra of spectrum 106 showing a high level of C, Zn and Na, 









Figure 3.70 ESEM single-elemental-coloured images of unfiltered muscle. ESEM 
single-elemental-coloured (SEC) images taken of a section of unfiltered muscle sample 
Ta72 (wild tilapia, site 4). SEC image showing the presence of; (A) carbon (C) associated 
with the structure within the image, (B) silicon (Si) associated with the structure, (C) 
oxygen (O) associated with the structure, (D) potassium (K) associated with the structure, 
(E) sulphur (S) associated with the structure, (F) phosphorus (P) associated with the 
structure, (G) chlorine (Cl) associated with the structure, (H) calcium (Ca) associated with 







3.13.5.5 Diatom in unfiltered muscle  
ESEM greyscale screening of a different section of the unfiltered muscle from 
sample Ta72 identified a structure (Figure 3.71) potentially similar to that of the 
diatoms identified on the macroplastic litter from Lake Victoria (Figure 3.48). This 
structure (shown by a blue ring in Figure 3.71) was cylindrical shaped (~20µm in 
length), and had a mesh-like structure. This structure was potentially similar to 
diatom from the genus Aulacoseira. 
 
 
Figure 3.71 ESEM greyscale image of potential diatom found on unfiltered 
muscle. This greyscale image taken on the ESEM shows a cylindrical shaped artefact 
identified (shown by blue ring), with a mesh-like structure, potentially similar to the diatom 






3.13.6 Screening of the unfiltered intact gastrointestinal tract 
One untreated intact GIT sample was sent for ESEM screening (GIT20). ESEM 
screening included greyscale imaging, single-elemental-coloured imaging and EDX 
analysis.   
 
3.13.6.1 Unfiltered intact gastrointestinal tract – GIT20 
Analysis of the unfiltered GIT from sample GIT20 (wild tilapia, site 1B) identified 
two fragment-like structures lodged into the background structure (Figure 3.72A). 
These two fragments were focussed on for EDX analyses, see spectrum 84 (Figure 
3.72B) and spectrum 85 (Figure 3.72C). EDX analysis of the fragment-like 
structure (~8µm in length) analysed in spectrum 84 found it to have a high level 
of C, O and Si (Figure 3.72B) associated with it. With the structure having a higher 
Si level, than C and O associated with it. EDX analysis of the other fragment-like 
structure (~5µm in length) analysed in spectrum 85 found it to have a high level 
of C (Figure 3.72C), a medium level of O and low levels of Al, Si and Fe associated 
with it. The level of C was similar between the two structures, however the 
structure observed in spectrum 84 had a greater content of Si than the other 
structure observed in spectrum 85. However the structure observed in spectrum 





Figure 3.72 ESEM with EDX spectra of unfiltered intact gastrointestinal tract. A) 
ESEM greyscale image taken of a section of unfiltered intact gastrointestinal tract (GIT20, 
wild tilapia, site 1B), showing two fragment-like structures lodged into the background 
structure. (B) EDX spectra of spectrum 84 showing high levels of carbon (C), silicon (Si) 
and oxygen (O) associated with the structure. (B) EDX spectra of spectrum 85 showing a 




3.13.6.2 Diatoms in the unfiltered intact gastrointestinal tract 
ESEM greyscale screening of a different section of the unfiltered GIT from sample 
GIT20 identified two structures (Figure 3.73) similar to that of the diatoms 
identified on the macroplastic litter from Lake Victoria. The structure shown by 
the green ring in Figure 3.73 was cup shaped (~20µm in length) and had valves 
and pores on its surface, and was potentially similar to the diatom from the genus 
Aulacoseira. The structure shown by the blue ring in Figure 3.73 was longer and 
thinner (~25µm in length) and had valves as well, and was potentially similar to 
the diatom from the genus Nitzschia.  
 
Figure 3.73 ESEM greyscale image of two potential diatoms found on unfiltered 
intact gastrointestinal tract. This greyscale image taken on the ESEM shows two 
structures similar that of diatoms. The structure in the green ring is potentially similar to 
the diatom from the genus Aulacoseira and the structure in the blue ring is potentially 





Both potential diatoms seemed adhered to a larger spherical artefact shown in 
Figure 3.73. Single-elemental-coloured images were taken of this same area to 
investigate this artefact. The presence of two areas rich in Si (Figure 3.74C) were 
associated exclusively with the two potential diatom structures. The presence of 
O (Figure 3.74B) was associated with both diatom structures, the artefact and 
background structure. Higher levels of O were also associated with the two diatom 
structures compared to the artefact and the background structure. The presence 
of C (Figure 3.74A) was associated with the artefact and the background material. 
However there was a similar area on the artefact where there was no presence of 
O or C. A lower presence of Cl (Figure 3.74D) and Na (Figure 3.74G) were 
associated exclusively with the background structure. Low levels of P (Figure 
3.74E), S (Figure 3.74F), K (Figure 3.74H), Ca (Figure 3.74I), Fe (Figure 3.74J) 





Figure 3.74 ESEM single-elemental-coloured images of unfiltered muscle. ESEM 
single-elemental-coloured (SEC) images taken of a section of unfiltered muscle sample 
Ta72 (wild tilapia, site 4). SEC image showing the presence of; (A) carbon (C) associated 
with the structure within the image, (B) oxygen (O) associated with the structure, (C) 
silicon (Si) associated with the structure, (D) chlorine (Cl) associated with the structure, 
(E) phosphorus (P) associated with the structure, (F) sulphur (S) associated with the 
structure, (G) sodium (Na) associated with the structure, (H) potassium (K) associated 
with the structure, (I) calcium (Ca) associated with the structure, (J) iron (Fe) associated 







Fish are an essential component of freshwater ecosystems, providing significant 
nutritional and economical value worldwide. Developing countries account for 94% 
of all freshwater fisheries  (FAO, 2020b), granting food and livelihoods to millions 
of people, and bringing economic wellbeing through tourism, exportation and 
restoration. 
The increasing concentration of people and growth of towns and cities around 
freshwater ecosystems, together with increasing human demands for water, have 
resulted in growing levels of degradation, pollution and threats to biodiversity 
within these ecosystems (Arthington et al., 2016). Organic substances constitute 
one of the main freshwater pollutants, coming from domestic sewage discharges 
(even after treatment) and from industries such as food processing. Other 
anthropogenic activities, such as agricultural, industrial and mining industries, all 
contribute to the contamination of aquatic ecosystems (Bashir et al., 2020), 
However, plastics are now considered the dominant pollutant in freshwater 
ecosystems (Azevedo-Santos et al., 2021) 
Annual global plastic production has increased from 1.5 million tonnes in the 1950s 
to over 381 million tonnes today, and is set to double by 2034 (Condor Ferries 
Ltd., 2020). Plastic production continues to increase in developing countries, as 
they adopt the use-and-dispose culture (Pinheiro, 2017). This high production, 
along with plastic’s high durability and inappropriate waste management, has led 
to the extensive accumulation of aquatic plastic debris in freshwater habitats. Of 
particular concern are microplastics, with their ability to adsorb persistent organic 
pollutants, transfer them around the environment and into the food webs of 
organisms at all trophic levels of the aquatic system (Andrady, 2011) (Gallo et al., 
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2018), polluting the environment and threatening aquatic life and consumers of 
fish and their products. 
This study investigated the presence of microplastics in tilapia, both farmed and 
wild, harvested from Lake Victoria in Kenya, who are a growing aquaculture 
producer. This study analysed microplastic presence in samples of tilapia GIT 
contents and intact GITs, and compared these with the microplastic prevalence in 
tilapia muscle, the part of the fish consumers would eat. The surfaces of 
microplastics were also analysed for the potential presence of biofilms. 
With a growing global population and an ever-increasing need for a cheap and 
sustainable food source, the demand for fish as a key source of protein that is free 
of pollutants, such as microplastics, is critical for the future of human health. 
 
4.1 The importance of tilapia 
Besides livestock, fish is the major source of animal protein supply, however 
depleting wild stocks is an increasing concern for fishermen, environmental 
organisations and policymakers. Sustainable aquaculture is playing an important 
role in the transition to a more environmentally and economically viable fish 
production, with selection of fish species key to this burgeoning industry (Yue et 
al., 2016) 
Tilapia are the third most produced aquatic species globally (Elizabeth Cruz-
Suarez et al., 2006). They are a hardy, prolific and fast-growing fish, with an 
adaptable and herbivorous diet (Yue et al., 2016). With their production 
performances improved through breeding, farmed tilapias reach market size (i.e. 
600-900g) in 6-9 months of culture (Ahmed, 2009). Farmed in over 120 countries, 
including Kenya, they were a plausible choice for monitoring microplastic 
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contamination in Lake Victoria, due to their recognition as a dominant ecological 
and commercial species. 
 
4.1.1 Choice of tissues used for analyses  
This study looked at fish tissue, consisting of skin and muscle, this was used as a 
representative biological model, as it is the key part of the fish entering the human 
food chain. Biological samples are important in representing the fate and sources 
of plastic pollution, if we are to consider the potential effects on human health, 
and therefore applicable for the quantification of microplastic load. Fish are 
bioindicators of the contaminants which directly reflect the condition of the 
environment. The skin is one of the largest organs in the fish body and is one of 
the first barriers pollutants encounter.  
The entire tilapia GIT as well as the contents of the GIT were also analysed. Over 
220 different fish species have been found to consume microplastics in the natural 
environment (Lusher, Welden, et al., 2017). When ingested, microplastics are 
thought to be concentrated in the GIT of the fish (Foekema et al., 2013) (Khan et 
al., 2020), causing physical harm, such as the internal abrasion or blockage, and 
they can also promote a deceptive sense of satiation, leading to a decrease in 
consumption of their true food. An additional and harmful aspect of plastic 
ingestion is the potential hazardous chemicals that could leach out from the plastic 
and into other essential organs of the fish (Baalkhuyur et al., 2018).  
 
4.1.2 A reproducible and cost-effective method to investigate microplastic 
presence  
 
Microplastic presence is typically assessed by digestion of an organism’s biological 
tissues and consequent analysis of the filtrates. Numerous methods have been 
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established, however most are not suitable as they are too expensive or time 
consuming to be reproduced on a large scale particularly in LMICs. Zinc chloride 
was considered a fairly inexpensive and effective flotation media, although there 
were reports of the degradation of the plastic polymer polyamide and its inability 
to fully digest GI contents (Coppock et al., 2017). Sodium chloride is a cheap and 
inert option for microplastic recovery, but studies have shown that its use could 
result in an underestimate of microplastic abundance, especially with high density 
plastics (Grbic et al., 2019). 
Strong alkaline bases, such as KOH, hydrolyse chemical bonds and denature 
proteins, allowing biological material to be removed. However, this is less 
applicable for fish digestive tracts, due to the higher presence of inorganic 
material. Following a 2-3 week incubation of KOH at 10%, excised stomach and 
intestines from fish have shown successful digestion of organic material (Foekema 
et al., 2013). This protocol was developed to allow the dissolution of whole GIT in 
fish and their muscle tissue at higher temperatures and shorter durations, without 
polymer degradation. Plastic polymers have shown resistance to KOH (Foekema 
et al., 2013), with no impact on polymer form or mass, except for polycarbonate 
(PC) and PET which have shown minor degradation (Lusher, Welden, et al., 2017) 
(Alexandre et al., 2016).  
 
4.1.2.1 Visualising microplastics  
The use of the dye Nile Red to visualise and quantify microplastics is increasingly 
common (Joon Shim et al., 2016). It absorbs on the surface of plastic, and is 
recommended at 10µg/ml with an incubation for 30-60min (Maes et al., 2017). 
The use of higher concentrations has resulted in an increase in the fluorescence 
intensity, but also an increase in unwanted background signal from the filter paper 
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(Maes et al., 2017). Incubation was tested for 60min but found no difference in 
fluorescence between those that were incubated at 30min compared to those 
incubated for 60min, therefore 30min was chosen for the subsequent analysis of 
the remaining samples.  
False positives have been found to arise with Nile Red, where an artefact will 
fluoresce, but might not be a microplastic (Stanton et al., 2019). The additional 
use of DAPI, following staining with Nile Red, allows any biological material that 
could have been wrongly identified as microplastics, to be correctly classified.  
 
4.2 The importance of having controls  
Controls were essential in ensuring confidence in any microplastics detected in the 
tilapia samples being correctly identified. The structure, size and elemental 
composition of microbeads from a facewash and macroplastic litter collected from 
Lake Victoria were analysed and the results were used to help the interpretation 
of results from the fish muscles, GIT and GIT contents.  
 
4.2.1 Microbeads from facewash 
The extracted blue and white microbeads from a facewash were easily visible to 
the naked eye at ~5mm in diameter. In a single shower, it is estimated that 
100,000 microbeads are washed down our drains, potentially ending up in our 
global water bodies (McGrath, 2018). Their small size results in them not being 
filtered out by most wastewater treatments, and entering the aquatic 
environment. The main concern is their ability to function like tiny sponges, 
adsorbing toxic chemicals from the surrounding waters (Nerín et al., 1996) and 
acting as a host for the development of biofilms (Harrison et al., 2018a). However, 
this can make them smell and taste similar to the normal diet of aquatic life, such 
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as fish, resulting in their ingestion across numerous aquatic species. Microbeads 
have been reported to be a million times more toxic than their surrounding waters  
(Animals Australia, 2019). The UK cosmetic industry recognised their pollution 
implications and placed a ban on their use in cosmetic products in 2018 (Pro, 
2017), replacing them with biodegradable alternatives such a jojoba beads.  
The extracted beads were used to spike fish samples as a control to endorse the 
reliability of both Nile Red and DAPI stain protocols following digestion. Alkaline 
digestion with KOH allowed the microbeads to collect at the top of the solution, 
from flotation based on their density, and they were seen collecting at the top 
edges of the filter paper. This area was focussed on when searching for 
microplastic presence in the tilapia samples. This also helped in method 
optimisation, as the KOH used demonstrated successful digestion of organic 
material present in the samples. 
Interestingly, when analysed by light microscopy the larger blue spiked 
microbeads used appeared as dark circles and did not fluoresce. Whilst an issue 
with the methodology was originally suspected, a previous study has showed that 
Nile Red struggles to adhere to larger microbeads (Hantoro et al., 2019). It is also 
possible that the staining incubation time with Nile Red was not sufficient for 
staining the larger beads (Maes et al., 2017). In addition, white polymers have 
been found to stain with Nile Red, while blue polymers, similar to these from the 
face wash, have been shown to be less absorbent (Mayes, 2018). 
 
4.2.2 Macroplastic litter from Lake Victoria  
Light microscopy of strands of the macroplastic netting collected from Lake 
Victoria revealed strong fluorescing fibre structures after staining with Nile Red, 
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for all the different coloured net pieces investigated. None of the net pieces 
fluoresced with DAPI confirming its reliability as a second stain.  
The macroplastic litter was also used in the screening for bacterial DNA and 
therefore biofilm presence. All the different coloured net pieces analysed were 
positive for bacterial DNA, highlighting the potential presence of a biofilm on the 
surface of the macroplastic.   
 
4.2.2.1 Diatoms found on macroplastic litter 
Studies have found diatoms and bacteria as the most common biota to exist on 
the microplastic’s biofilm (Reisser et al., 2014) (De Tender et al., 2017) (Schlundt 
et al., 2019). Macroplastic litter collected from Lake Victoria’s waters was screened 
by ESEM imaging for potential biofilm presence. Numerous different shaped 
diatoms (Figure 3.48) were potentially identified, including circular flukes, longer 
rods and 3D diatoms. These were tentatively identified as the diatom genera 
Fragilaria, Cocconeis, Aulacoseira, Achnanthes and Tabellaria which are all 
freshwater diatoms  (Poulíčková and Manoylov, 2019) (Forrest et al., 2020) 
(Amoatey and Baawain, 2019).  
Studies based on Lake Victoria’s waters have shown diatoms from the genera 
Navicula, Aulacoseira, Nitzschia and Pinnularia are abundant in the lake (Triest et 
al., 2012) (Stager et al., 2009). The diatom genus Aulacoseira has been shown to 
be abundant in the lake in the wet season (January to May), while the genus 
Nitzschia is abundant in the dry season (June to July) (Sitoki et al., 2012). In the 
Nyando river, feeding into the Winam gulf, the genus Cocconeis was found to exist 
in high abundance (Triest et al., 2012). Specifically in the Winam Gulf, the diatom 
genera Aulacoseira and Nitzschia have been the dominant types occupying the 
lake (Kundu et al., 2017). This supported the possibility of the structures identified 
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on the macroplastic litter being diatoms, as a cylindrical shaped structure similar 
to that from the diatom genus Aulacoseira was identified, and there was also a 
number of potential circular structures similar to that of the genus Cocconeis 
identified. These two freshwater diatom species have been identified in Lake 
Victoria and the rivers feeding into the lake.  
 
4.3 Is microplastic prevalence greater in wild or farmed fish? 
While analysing muscle, GIT and GIT contents, we were able to compare 
microplastic prevalence in these different tissues between the wild and the farmed 
tilapia. 
 
4.3.1 Fish muscle from wild fish contains greater numbers of microplastics 
The muscle of the wild tilapia had a greater prevalence of microplastics, with 46 
identified in 19 (50%) of the fish. In comparison, only 35 microplastics were found, 
present in 19 (45%) of the farmed/caged fish. This was in line with findings from 
a study on salmon, where wild caught salmon contained greater microplastic 
amounts than farmed (Moore, 2019). This result was thought to be the 
consequence of diet. Wild fish are allowed to travel freely and therefore have the 
potential to be exposed to more plastic pollution. Wild fish are also more likely to 
feed on smaller marine life, such as zooplankton, where studies have found high 
levels of microplastics ingested by 39 species of zooplankton (Botterell et al., 
2019).  
Feeding behaviour can also play a part in the uptake of microplastics, where the 
number of microplastics ingested was high when there was no or limited food 
available. This increase is because these fish are actively foraging on microplastics 
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when no food is available (Roch et al., 2020). This will occur more in the wild fish, 
as farmed fish are typically fed a minimum of twice a day (Njiru et al., 2004b).  
Wild fish can also vary in age, with older fish being potentially exposed to more 
plastic pollution, whereas farmed fish are usually harvested in Lake Victoria after 
only 6 months. With wild fish caught at an older age, this could allow more time 
for microplastics to translocate across the GIT epithelium into the muscle, and 
therefore result in the increase in the wild muscle (Abbasi et al., 2018) (Jovanović 
et al., 2018). The effects of accumulation in the muscle may be significant, 
especially with implications for food web transfer and fish as a food source (Roch 
et al., 2020).   
 
4.3.2 Is microplastic prevalence greater in the GIT from farmed tilapia? 
The farmed tilapia GIT contents analysed in this study had a higher microplastic 
content (3 pieces) than the wild GIT contents samples (2 pieces), however only 
small numbers of fish were analysed in this part of the study, 4 farmed and 1 wild 
tilapia. Interestingly when the intact GIT was analysed, farmed tilapia were found 
to again have a high microplastic content (19 pieces) compared to the wild fish (9 
pieces), with equal numbers of fish investigated (n=3).   
Taken together, these results suggest that the farmed tilapia have a greater 
prevalence of microplastics within their GIT than the wild fish. Aquaculture 
extensively uses plastic for both equipment and packaging, everything from 
polystyrene foam-filled fish cage collars, to plastic feed sacks and harvest bins 
(Holmyard, 2019). Farmed fish are fed commercial pellets and are enclosed in a 
netted environment, usually made of PE and PP plastics (Njiru et al., 2018). 
Damage to these cages by UV radiation, weathering and ageing could cause 
microplastics to be broken off and contribute, through ingestion, to the greater 
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prevalence of microplastics seen in the GIT from farmed fish. In addition, farmed 
fish can exhibit inquisitive behaviour towards parts of their cages, providing 
further potential to ingest harmful plastics through this behaviour (Roch et al., 
2020). Ghost gear when old and broken can get dropped by fishermen, with 
640,000 tonnes abandoned in global waters annually (World Animal Protection, 
2018). This often occurs in the vicinity of the bays where the fishermen are from, 
with these inshore regions the preferred location of fish farms (Xue et al., 2020). 
This can contribute to a high density of microplastics in these caged areas (Nelms 
et al., 2021).  
A study on the composition of a commercial fishmeal product used in the feeding 
of farmed fish was carried out to detect microplastic content (Gündoğdu et al., 
2021). Fishmeal is a dry, high-protein feed component primarily used in the 
aquaculture sector. The study tested 26 fishmeal products and found plastic 
content between 0-526.7 n kg-1 (Gündoğdu et al., 2021). Farmers using fishmeal 
or other commercial feed product could be adding another pathway for plastics to 
enter the food chain of farmed fish. 
The higher prevalence of microplastics found in the intact GIT compared to the 
GIT contents suggests that microplastics have the potential to become closely 
associated with the GIT structure, and therefore not easily removed when 
extracting the GIT contents. This is supported by studies which show the potential 
for accumulation in the GIT of marine and freshwater species across the world (De 
Sales-Ribeiro et al., 2020) (Neves et al., 2015) (Ding et al., 2018), and specifically 
in fish sourced from Lake Victoria, where 20% of caught Nile perch and Nile tilapia 
were found to contain plastics within their GITs (Biginagwa et al., 2016).  
However with such low numbers of microplastics and a greater number of farmed 
fish (n=4) analysed compared to wild (n=1), further work is needed to determine 
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whether caged fish are more likely to encounter and ingest microplastic than wild 
fish, and also to investigate the sources of these microplastics. 
 
4.4 Microplastics prevalence varies with geographical location 
Cities, towns, rivers, urbanisation and industrial activities all contribute to the 
plastic pollution of an aquatic environment. Lake Victoria is the central receiver of 
industrial and domestic waste from towns and cities around its basin and from 
industrial and agricultural waste from regions rich in mining activities and 
agriculture (Ngure et al., 2014). This is exacerbated by the numerous rivers which 
feed into the lake, carrying pollution from further afield (Oguttu et al., 2008). 
 
4.4.1 Kisumu  
Site 1A and 1B (Dunga), located on the Eastern shore of the Winam Gulf, in close 
proximity to the city of Kisumu, had the greatest number of fish analysed (n=20) 
and a high content of microplastics identified. Of the muscle samples analysed 
(n=18) at this site 50% were found to contain microplastics (Ta12, Ta55, Ta61, 
Ta62, Ta63, Ta65, Ta66, Ta67 and Ta68), with 13 microplastics identified in all 
the muscles. Two GITs (GIT15 and GIT19) were also analysed from this site and 
were found to contain 9 microplastic pieces between them. Kisumu, Kenya’s third 
largest city and the second largest city on the Lake Victoria basin (after Kampala, 
Uganda), sits on the Eastern edge of the Winam Gulf. Kisumu is the immediate 
former capital of Nyanza Province, and is an important link in the trade route 
between Lake Victoria and Mombasa because of its water and rail connections. It 
is also the chief terminus for the agricultural produce of Nyanza and Western 
provinces. Kisumu has a population of 721,082, with a rural population within 
Kisumu Country of 714,688 (KNBS, 2019). Like many growing urban areas of 
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developing countries, solid waste management is a major environmental and 
public health concern. Kisumu is facing increasing waste generation, an 
overflowing dumpsite and pollution from uncontrolled discarding of waste. Despite 
having an environmental department to manage solid waste services, the 
department lacks financial resources and the adequate technical capacity to 
effectively manage the waste generated (Sibanda et al., 2017). 
 
4.4.2 Northern Winam Gulf  
Site 15B (Port Buyala), located on the North-West shore of the Winam Gulf, had 
a high prevalence of microplastics identified (n=9) in all of the three fish analysed 
from the site (Ta39, Ta40 and Ta48). Fish also sourced from the nearby site 16B 
(Mageta Island), located on the North shore of the Winam Gulf, had the greatest 
amount of microplastics identified (n=14) when comparing all the fish from all the 
sites. Three fish were analysed (Ta35, Ta36 and Ta38) and all the samples 
contained microplastics, however the majority were found in one fish (Ta38), 
where 11 fibres were identified. Research has found Lake Victoria’s waters to 
exhibit an anti-clockwise flow (Nyamweya et al., 2016a). As there is a constant 
high volume of municipal pollution coming from Kisumu on the Eastern shore of 
the lake, this anti-clockwise current could be bringing an array of pollution from 
the city to the Northern shores of the Winam Gulf and polluting the aquatic 
environment and thereby the fish at sites 15B (Port Bunyala) and 16B (Mageta 
Island). Furthermore, poor education, typical of many smaller urbanisations in 
developing countries, has led to inhabitants directing the majority of their 
wastewater into the lake. A high amount of microfibres (n=13) were detected in 
the fish from site 16B. Washing machine and manual clothes washing runoff can 
deposit large amount of microfibres into the lake (GESAMP, 2016).  
189 
 
Sites 15B and 16B are also located near to areas of high mining and agricultural 
activities. Agricultural wastewater can run off into surrounding rivers and the lake, 
carrying pollution with them. Wastewater treatment sludge by-products are 
applied to agricultural lands and have been found to contain synthetic clothing 
microfibres (Bashir et al., 2020). These can persist in the soil or sludge for up to 
5 years post application, with some detecting them in field sites up to 15 years 
after application (Zubris and Richards, 2005). Here microplastics are retained in 
sludge, which is then applied as fertiliser, releasing the microplastics as a 
persistent terrestrial contaminant. This is escalated by the degradation of PE 
agricultural mulch films, which are used to modify soil moisture and temperature 
(Qi et al., 2020). As soil-contaminated films are non-recyclable and are often so 
thin, their extraction from the soil is difficult and they are left to contaminate the 
soil.  
In Kenya, mining is known to provide great socio-economic benefits, however it 
is also considered to be the largest pollution source, after the agricultural industry 
(Mitchell et al., 2020). Gold mining generates large amounts of mine waste and 
effluents, with considerable amounts of persistent harmful elements, that cause 
great environmental and human health concerns (Ogola et al., 2002). These 
harmful elements can be released into the lake and be picked up by microplastics, 
which could be acting as transport vectors into the fish and threatening their 
health. Fish from Lake Victoria have been found to contain concentrations of 
cadmium (Cd), lead (Pb), arsenic (As) and mercury (Hg) that were above the WHO 





Rivers play an important role in the transport of plastics into the lake. They can 
bring pollution from tourism, on-water activities and improper dumping of 
terrestrial waste. Furthermore storm and rainwater drainage, flooding and wind 
can transport plastic litter into freshwater ecosystems (Bellasi et al., 2020). 
Moreover, rivers and lakes operate as secondary microplastic producers, 
fragmenting the pollution by weathering and water currents. Sites 4 and 4D 
(Uyoma Point) are located at the mouth of the River Awach. A study tested water 
from the Awach mouth and found the water unsuitable for direct drinking water 
supply (Lalah et al., 2008). The close proximity to the market towns here was 
thought responsible for the high pollution levels. Microplastics were found in 
abundance (n=9) in the two intact GIT samples analysed from site 4 and in the 
wild muscle samples analysed from site 4D, with all three fish analysed containing 
a total of 5 microplastics. 
 
4.4.4 Entrance to the main lake body  
Sites 7B and 7D (Mbeo cages) and sites 13B and 13D (University of Eldoret pond) 
are located in the entrance to the Winam Gulf from the main lake body. This is 
the only entrance/exit that fishermen can use to access the main body of the lake. 
As they use this channel, they will often be pulling trawl nets, which are made 
from plastics, including PP, PE, PA, PS and PVC. These nets are often abandoned, 
lost, or discarded in this area, especially if breakage occurs from the net getting 
trapped on obstacles in the water (Nelms et al., 2021). Proper disposal of 
discarded fishing nets is costly, and some fisheries will often dump their nets into 
the water if they cannot afford the fee (Bracenet, 2020). Ghost gear is estimated 
to make up 30-50% of the total plastic pollution found in our waters (The 
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Guardian, 2019). It causes harm to aquatic life by entanglement, and the 
persistence of microfibres in the water, which the net releases through ageing in 
the water, these can then be ingested by fish and other aquatic organisms. 
Microfibres were one of the most commonly identified microplastic type in the 
muscle samples, with 35 microfibres identified in all the muscle samples, and were 
identified in fish analysed from sites 7B and 7D and sites 13B and 13D. 
There is little exchange between the Winam Gulf with the open lake (Nyamweya 
et al., 2016b), resulting in different water quality and often higher levels of 
pollution build up reported at those sites. Fish from those sites located in the 
Winam Gulf; sites 1A and 1B (Dunga), sites 4 and 4D (Uyoma Point), site 6B (Off 
Ngodhe), sites 7A and 7B (Mbeo cages), sites 13B and 13D (University of Eldoret 
pond), site 15B (Port Bunyala) and site 16B (Mageta Island), were all found to 
contain microplastics. As the Winam Gulf has many rivers feeding into it, and a 
high amount of agricultural, industrial, mining and domestic activity around its 
shores, it is perhaps no surprise that pollution amounts are markedly greater than 
in the main body of the lake (Kundu et al., 2017). 
There is a spatial association between human activities and microplastic 
prevalence.  Microplastic pollution sources in Lake Victoria are from numerous 
industries, such as mining, shipping, agro-processing factories, pharmaceutical 
industries and fisheries themselves. Levels at any one site across the lake can be 
affected by proximity to river mouths, industry and human activity. 
 
4.5 Are the bacteria detected from the plastisphere? 
Bacterial DNA was detected in some of the samples, despite the isolation of 
genomic DNA in low quantities. However, we cannot be sure that the bacteria from 
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which the DNA originated were part of the microplastic’s plastisphere. The bacteria 
could have been attached to other materials present in the samples. 
The microfibre filters used had 1.6µm pores (Sigma-Aldrich, 2020), which should 
have allowed any bacteria not attached to microplastics to pass through. However, 
bacteria could have been attached to plant material particularly in the GIT 
samples. Attempts to identify some of the bacteria were not fruitful.  
ESEM analysis of the unfiltered muscle from sample Ta72 identified a group of 
elliptical shaped rods (Figure 3.67A), which ranged in length from 5-10µm. Most 
bacteria are said to be 1-2µm in diameter and 5-10µm in length (Levin and Angert, 
2015), which supported the possibility of this group of structures potentially being 
bacteria. Furthermore, EDX analysis of one of these rods (Figure 3.67B) found it 
to have a very high C and O content, as well as a medium level of P and low levels 
of Mg and Ca associated with it. Aquatic bacteria have been found to require C, O 
and P for their growth and success (Vrede et al., 2002). Bacterial cell walls have 
also been found to show favourable conditions for calcium carbonate precipitation 
provided by the cell wall and the extracellular polymeric substance (Enyedi et al., 
2020), so that calcium and magnesium ions can then bind on the bacteria’s 
surface. This research supported the elemental composition of one of the rods 
identified, however it was felt that there was not enough evidence to fully support 
these rod structures as being bacteria. Further work using SEM imaging 
incorporating staining for bacteria and species could be used to clarify whether 
there was a plastisphere present and potentially identify some of its components.    
 
4.6 Can the plastisphere be visualised?  
Plastic debris acts as an appealing substrate for microorganisms to adhere to as 
it will persist longer than other natural floating substrates, and has been shown 
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to act as a transport vector for POPs (Zettler et al., 2013). Previous studies have 
used SEM imaging to visualise this plastisphere and to categorise any microbial 
communities living on the surface (Zettler et al., 2013) (Oberbeckmann et al., 
2014) (De Tender et al., 2017) (Kirstein et al., 2019). In this study ESEM and EDX 
analysis was used to screen samples for microplastic presence, based on their 
surface characteristics and elemental composition. It was also used in determining 
the microplastic content, and visualisation of the plastisphere. 
Biofilms formation typically constitutes a change in the lifestyle of the 
microorganism, whereby the genes involved in adhesion, chemotaxis and 
substrate transport are expressed to enable cells to from a matrix, and fluid 
channels to distribute nutrients between cells (Amaral-Zettler et al., 2020). SEM 
imaging from the samples analysed in this study has shown the plastisphere as a 
diverse microbial ecosystem, with members including cyanobacteria and diatoms. 
Diatom-like structures were identified on the macroplastic litter from Lake Victoria, 
and tentatively identified as the diatom genera Fragilaria, Cocconeis, Aulacoseira, 
Achnanthes and Tabellaria. ESEM screening of the unfiltered muscle from sample 
Ta72 identified a cylindrical shaped artefact, with a mesh-like structure, similar to 
that of the diatom genus Aulacoseira. The structure identified was ~20µm in 
length and had a unique mesh-like appearance similar to that of a diatom. The 
size of diatoms is said to range from 2-200µm in length, with the genus 
Aulacoseria being between 5-20µm in length (Genkal and Popovskaya, 1991).  
Another structure similar to that from the diatom genus Aulacoseria was identified 
in the ESEM screening of an unfiltered GIT. This structure was cup shaped and 
20µm in length, with valves and pores on its surface, similar to the diatom from 
the Aulacoseria genus.  
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Another longer and thinner structure with valves on its surface was also identified 
in sample GIT20. This structure was ~25µm in length, and resembled the diatom 
from the genus Nitzschia. Diatoms from the genus Nitzschia are between 8-30µm 
in length (Kelly et al., 2015) and are commonly found in freshwater environments. 
Studies based on Lake Victoria’s waters have shown diatoms from the genera 
Navicula, Aulacoseira, Nitzschia and Pinnularia are abundant in the lake (Triest et 
al., 2012) (Stager et al., 2009). 
A previous study attempting to visualise the plastisphere using SEM imaging, 
identified diatoms from the bacillariophyte genera including Navicula, Nitzschia 
and Sellaphora (Zettler et al., 2013), which are known biofilm formers in the 
aquatic environment (Congestri and Albertano, 2011). Another study found 
frequent diatoms from the genera Nitzschia, Cocconeis, Achnanthes and Amphora, 
when screening aquatic plastic debris by SEM imaging, with the genus Nitzschia 
as the most frequent diatom identified (Reisser et al., 2014). The diatom genera 
findings in this study were in line with common diatoms found on aquatic plastic 
debris in previous studies, as well as with common diatoms found in the waters of 
Lake Victoria. Furthermore, diatoms are not usually found in the muscle of fish 
and would not be present unless they had adhered to a substrate such as a 
microplastic. However they could have resulted from cross-contamination of the 
GIT during the processing of the fish, although this was felt unlikely as the sample 
preparation was performed in such a way to ensure no contamination between 
different samples of the fish would occur.  
Both of these potential diatoms were seen adhered to a larger spherical artefact 
(Figure 3.73), which when screened by EDX analysis was found to have a high 
carbon content associated with it. Plastics are commonly carbon based and due to 
its spherical shape, this structure was suspected as a microbead with the two 
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diatoms colonised on its plastisphere. Microorganisms have been found to colonise 
plastic substrates within hours of entering the aquatic environment (Harrison et 
al., 2018a). SEM images have shown various pennate diatoms colonising a PE 
biofilm after 1 week, but after 2 weeks many diatoms are pushed off from the 
surface as other microorganisms such as cyanobacteria attach to the biofilm 
community (Amaral-Zettler et al., 2020).  
A strong Si content can be indicative of diatoms (Wang et al., 2017a). Using ESEM 
alone, this could lead to diatoms being mistaken for microplastics as their 
structure is alike. ESEM screening of the filtered GIT contents from sample GI5 
demonstrated this, as an artefact was identified with a similar structure of a 
diatom. This however was ruled out, as the presence of Si was only associated 
with the fibrous background material. Instead, the meshed artefact had a high C 
content, with an area on its surface that was rich in Cl. This Cl-rich area could 
have indicated the unique property and presence of the plastic polymer PVC, 
however as the Cl area did not cover the whole of the mesh-like structure further 
work would be needed to confirm if this was a PVC plastic particle. 
 
4.7 Can SEM be used to screen for microplastic presence? 
Plastics are carbon based, so strong carbon peaks exhibited by EDX analyses of 
the fish samples were thought to be indicative of potential microplastic presence, 
as other materials present were expected to be non-organic. 
 
4.7.1 Microplastic misidentification   
A possible source of microplastic misidentification has been found to be from 
fractured fish bones (Wang et al., 2017a), which is characterised by an EDX 
spectra exhibiting high levels of calcium and phosphorus, this is usually common 
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in the screening of fish GIT contents but was found in this study in fish muscle. 
Screening of the filtered muscle from sample Ta48, highlighted an artefact 
(>75µm in length) with a similar structure to a microplastic fragment. Using SEM 
imaging, this structure was found to contain high amounts of Ca and P, with lower 
amounts of C and Mg. As this was found in the fish muscle, this artefact is 
potentially a fish scale. Its fragment-like structure could have led to this being 
mistaken for a microplastic, but this was ruled out by the high Ca/P content 
identified through SEM screening.   
A similar result was found in the screening of the unfiltered muscle from sample 
Ta72, where two fragment-like artefacts were identified which had a different 
appearance to the background structure. EDX analysis highlighted the larger of 
the artefacts (50µm in length) had a high Ca content, as well as very high levels 
of C and O associated with it. EDX analysis of the smaller artefact (20µm in length) 
found a high C level and medium levels of O, P and Ca associated with it. A study 
that analysed Atlantic fish using SEM/EDX imaging for microplastic prevalence 
found that shells and their fragments in the fish samples exhibited a strong Ca 
peak on EDX analysis (Wagner et al., 2017). Despite the high C content of these 
two artefacts, it was decided that the high presence of Ca and P suggest they were 
not plastic in origin but potentially fragments from shells, scales or bones.  
 
4.7.2 Determination of microfibre  
The screening of the unfiltered muscle from sample Ta20 identified a group of 
rectangular structures similar to that of microfibres, which ranged in length from 
10-30µm. When two of these fibre-like structures were focussed on by EDX 
analyses, they were both found to have high C levels, which supported their 
possibility of being microfibres. They were also found to both contain medium 
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levels of O, which correlates with a previous study which found that microfibres 
can exhibit a smaller O peak when examined with SEM/EDX (Blair et al., 2019). 
Single-elemental-coloured images were also taken of this same area and found 
these two fibres to contain high amounts of Si which was not indicated on the EDX 
analyses. Si is often added to plastic to form silicones which produce malleable 
rubber items, hand-resins and spreadable fluids (LifeWithoutPlastic, 2020). 
Silicones do not biodegrade, are completely inert and have been found to leach 
certain synthetic toxic chemicals at low levels (Jenke et al., 2006), with the chance 
of leaching increased in fatty substances, such as the muscle of the fish. While full 
confidence cannot be placed in the identification of these fibre-like structures in 
this sample being silicone plastic microfibres, organic structures with high Si 
contents should still not be found in the muscle of the fish, and it does raise 
concern for the possible leaching of toxic chemicals that could be occuring in the 
fish muscle.  
 
4.7.3 Determination of microbead  
A bead shaped artefact was identified, in the unfiltered muscle from sample Ta66, 
~20µm in length, with a sphere shape and a rough surface, which could have 
come from weathering and polymer degradation in the aquatic environment. EDX 
analysis of this bead found it to have a very high C level, which supported a plastic 
origin. Many inorganic elements were also detected, with medium levels of Cu, 
Zn, Al, and Si. EDX analysis allowed us to compare the background structure 
(muscle), which contain no Cu or Zn. Cu and Zn are both used as coatings on 
plastic, to reduce diffusion of O and protect the plastic (Bilek et al., 1966). These 
elements are often found together in PEN plastic and sometimes PVC (Papagiannis 
et al., 2004). However, they both raise concerns as they can accumulate in high 
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concentrations in the fish’s liver, causing toxicity to fish and a threat to human 
health if they translocate into the fish muscle, which was seen in this sample 
(Papagiannis et al., 2004). The adsorption of Cu and Zn from aquatic 
environments has been found to be higher from aged (sun-exposed) PVC and PS 
microbeads than for their virgin counterparts (Brennecke et al., 2016). As the 
bead shaped artefact in this sample had a very high C content and seemed to 
appear aged from its rough surface, it seemed probable that this could be a PVC 
or PS microbead. Furthermore the inorganic levels of Cu and Zn, that can appear 
at high levels in freshwater lakes (Papagiannis et al., 2004), supported the 
conclusion that this microbead could have adsorbed these from the aquatic 
environment and transported them into the fish. 
Another bead-like artefact (~20µm in length) was identified in the unfiltered 
muscle from sample Ta69, and found to have a high C peak, however this C level 
was not as high as those identified in the potential microplastics found in the other 
fish samples. The structure also had a low level of O, P and K associated with it. 
However, despite the distinctive sphere appearance of this artefact, there was no 
EDX analysis taken of the background structure (muscle) to compare the 
compositions, and therefore insufficient details to confirm that this artefact was a 
microbead. 
 
4.7.4 Determination of fragment  
Screening of a different section of the unfiltered muscle from sample Ta66 
identified a triangular-like fragment, ~30µm in length, lodged into the background 
structure (muscle) of the sample. When analysed it was found to have a high C 
content, and also medium peaks of Ni and Cl. SEC images were also taken of this 
same area and found the fragment structure to exclusively contain high amounts 
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of Cl, Na and Ni, but no C. Ni plating is used on plastics in the finishing industry, 
to prevent corrosion of the material (Naqash et al., 2020). If ingested, it can be 
toxic at high levels, and has been found to cause impairment of gas exchange 
(Blewett and Leonard, 2017), inhibit ion regulation and promote oxidative stress 
(Naqash et al., 2020) in fish. PVC plastic can be detected through SEM/EDX 
analysis from its unique elemental signature of containing Cl (Wang et al., 2017b), 
however as this fragment was shown to contained no C, it was felt unlikely that 
this was a microplastic fragment.  
 
4.8 Can microplastics act as a transport vector for harmful chemicals? 
4.8.1 Barium presence  
SEM screening detected low levels of Ba in all the filtered fish samples. This 
originally raised concern as Ba compounds are amongst the densest used as heat 
stabilisers (McKeen, 2019), especially in PVC (Turner and Filella, 2020a), and once 
ingested in fish have been shown to cause metabolic, neurological and kidney 
diseases (Turner and Filella, 2020a). There are even reports of breast cancer that  
have resulted from exposure to Ba in humans (Campanale et al., 2020). Screening 
of a plain section of the microfibre filter paper as a control, highlighted small bead 
structures on top of the fibrous filter paper material. When one of these bead 
structures was focussed on by EDX analysis it was found to have a low Ba content. 
As the filter paper had been screened without the addition, it suggested that the 
Ba must have been part of the composition of the filter paper.  
When screening one of the filtered muscles (sample Ta44), where a larger (>75µm 
in length) darker grey structure was identified on top of the fibrous background 
material. Single-elemental-coloured imaging revealed some deposits surrounding 
this structure, which were exclusively associated with high levels of Ba (Figure 
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3.52F). These structures were similar in shape to that of microbeads, however 
with Ba deposits detected in the composition of the filter paper, the potential for 
these to be microbeads was ruled out.  
 
4.8.2 Titanium presence 
To avoid unwanted interference from elements in the filter paper or reagents used 
in the filtering process, untreated sections of muscle and the GIT were also 
screened.  
The screening of the unfiltered muscle from sample Ta20 highlighted an artefact 
(~7µm in length) with a different appearance to the background structure. It was 
found to be rich in C with medium levels of Ti. Analysis of the background structure 
found it to also contain a very high level of C, but with no Ti. Single-elemental-
coloured images were also taken of this same area and confirmed that Ti was 
exclusively associated with the artefact identified. The results suggested that this 
artefact was potentially plastic in origin with possible titanium dioxide (TiO2) 
nanoparticles absorbed to it. TiO2, a common additive used in plastic 
manufacturing, acts as a UV blockers, preventing the polymer’s degradation (Cho 
and Choi, 2001). Studies however have shown that this TiO2 may be toxic to algae, 
bacteria and fish (Handy et al., 2008), by inducing oxidative DNA damage, lipid 
peroxidation and even cause an increase in nitric acid or hydrogen peroxide 
production in human bronchial epithelial cells if ingested by humans (Shah et al., 
2017).  
 
4.8.3 Iron presence  
Screening of a different section of the unfiltered muscle from sample Ta20 
identified a fibre-like structure (~25µm in length) lodged into the background 
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structure of the sample. Further analysis of this fibre-like structure found a high 
level of C, and medium levels of O and Fe. Although no EDX analysis of the 
background structure was performed, the presence of a fibre-like structure 
containing Fe in the fish muscle was unexpected. Iron oxide (Fe3O4) is a heavily 
used heat stabiliser additive in plastics, and also commonly used to achieve 
metallic finishes for aesthetic satisfaction (Sastri, 2014). High levels of Fe in fish 
have been found to damage fish gills (Hahladakis et al., 2018). We cannot be 
confident that this fibre was of microplastic origin. Future investigation to 
determine the source of origin is needed, as iron does not naturally occur in 
aquatic environments. Metallic pellets found, such as observed here, could indicate 
contaminants relating to mining and industrial activities (CIRDI, 2018). 
 
4.8.4 Magnesium presence 
Low levels of Mg were detected in many of the screened samples, including muscle 
and the GIT. Screening of the filtered muscle from sample Ta18 identified a large 
fibrous structure (>50µm in length), larger than the fibres observed in the filter 
paper. This large fibrous structure had external surface deposits rich in Ba (Figure 
3.50F). However given the Ba content of the filter paper, it was inconclusive as to 
whether this Ba originated from the filter paper or through plastic adhesion. The 
large fibrous structure contained high levels of C, Cl and S, which supported the 
possibility of it being a plastic microfibre. A smaller elliptical structure, on the 
outside structure of the larger fibrous artefact, was also identified that was not 
seen on the ESEM greyscale image. It was characterised by the highest levels of 
K, Cl, Ca and Mg detected from all the structures screened. SEM screening can 
sometimes result in Al interference detected in samples, as this can come from 
the gas chamber used (Abbasi et al., 2018), and it can therefore be difficult to 
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decide the origin of Al. The presence of Mg may result from the use of active 
magnesium oxide which is a plastic reinforcer added to rubber compounds, with 
its main function being the neutralisation of HCl that can be released during 
processing and degrade the plastic material (NikoMag, 2021). Mg is an important 
mineral for muscle and nerve function but can be toxic when greater than natural 
environmental levels. Magnesium sulphate, dependent on Ca concentrations 
present, has been found to be toxic to aquatic environments (Luo et al., 2016). 
While the presence of Mg detected on artefacts in the fish was unexpected and 
could be of health concern, it still could not be concluded whether this chemical 
contamination has entered the fish muscle by microplastics as a transport vector 
or through another route.   
While the presence of many of these detected elements (Cl, Cu, Zn, Ni, Ti, Fe, 
Mg) is not expected in the muscle and GIT of fish, it could not be conclusively 
determined if they had originated either from microplastics leaching common 
plastic additives, or from microplastics acting as a transport vector carrying 
chemicals into the fish body. Regardless, their presence provides evidence of the 
chemical risk posed by aquatic plastic debris, as some of these elements detected 
at high quantities can be toxic and/or have endocrine disrupting properties (Mato 
et al., 2001) (Koelmans et al., 2016b) (Turner and Filella, 2020b).  
 
4.8.5 Essential elements in tilapia  
Tilapia muscle for human consumption is known to provide several key essential 
elements, these include selenium (Se), Ca, Fe, Mg, K and Zn (Outa, Kowenje, et 
al., 2020). The results obtained in this study where higher levels of these elements 
were observed, may merely reflect what is already present in the fish muscle, and 
not be from microplastic contamination. However this would also have to be true 
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in the GIT samples, and as there were other elements identified such as Ti and 
Cr, it suggests that these elements were not from fish origin.  
 
4.9 Microplastics toxicity risk to fish 
The toxicity of microplastics in freshwater systems is not well studied. It is 
estimated that between 32% and 100% of freshwater invertebrates ingest 
microplastics (Watts et al., 2016). Ingestion depends on their abundance, shape, 
colour, smell and taste, which will be influenced by the microbial biofilm on the 
surface (GESAMP, 2016). Microplastics have been found in the GIT of commercially 
important fish for human consumption (Neto et al., 2020). Research on the 
interaction between the Nile tilapia and microplastics is still limited. One study 
confirmed microplastic presence in the GIT of Nile tilapia and Nile perch from the 
Tanzanian side of Lake Victoria (Biginagwa et al., 2016), but the presence of 
microplastics in the GIT of fish, does not provide direct evidence for human 
exposure risks, as this organ is not usually consumed. There is a concern however 
for the potential of translocation across the epithelium of the fish GIT into other 
organs or tissue parts consumed, as evidenced from the results of this study. 
Laboratory studies have demonstrated plastic particle translocation in fish. 
Translocation of PS nanoparticles has been observed in the brain of Crucian carp, 
penetrating the blood brain barrier, causing behavioural disorders, effecting their 
hunting and eating behaviour (Mattsson et al., 2017), and in the liver of the 
commercial species of European anchovies (Collard et al., 2018). Within the 
limited research on freshwater fish, Japanese medaka (Oryzias latipes) exposed 
to PE microplastics were found to have induced hepatic stress, resulting in 
glycogen depletion and cell necrosis in the fish (Rochman et al., 2013). It has 
been argued that the likelihood of translocation in fish to be small, however 
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previously it was felt that there was a lack of analytical methods capable of 
characterising and quantifying the small-sized plastic particles (Wagner et al., 
2017). 
It is still not clear whether the harmful effects observed in fish from microplastic 
ingestion are the result of additives and contaminants that leach from the plastic 
particles into the fish, or from the physical impact of the plastic itself. Effects such 
as oxidative stress, inflammation and immunological responses have been 
observed after exposure to microplastics and attributed to their physical impact 
(GESAMP, 2016).   
 
4.10 Microplastics toxicity risk to humans  
Since fish and their products constitute an important food source, especially in 
developing countries, there is an urgent need to assess the potential risks to 
humans involved. Although microplastics and human health is an emerging field, 
existing fields indicate potential particle, microbial and chemical hazards. Ingested 
microplastics can accumulate and employ a localised toxicity by inducing an 
immune response (Wright and Kelly, 2017). Chemical toxicity could occur from 
the leaching of additives or contaminants absorbed from the surrounding polluted 
aquatic environment (Wright and Kelly, 2017).  
With regards to existing research on the impacts of microplastics in humans, 
release of microplastics from the wear of prosthetic plastic implants has shown to 
have diverse internal effects, from DNA damage, necrosis, apoptosis, oxidative 
stress, inflammation and bone osteolysis (Lusher, Hollman, et al., 2017). Although 
there are no current studies related directly to the consumption of fish 
contaminated with microplastics or their contaminants, this is not surprising giving 
the complexity of this issue (Gallo et al., 2018). The FAO has reported that there 
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is a lack of basic toxicological data on the consumption of microplastics and also 
nanoplastics in humans as a food safety risk (Lusher, Hollman, et al., 2017). There 
is no data on the impact that the cooking and processing of fish and their products 
at high temperatures may have on the toxicity of microplastics. The European 
Food Safety Authority (EFSA) has estimated human exposure to microplastics 
following consumption of a portion of mussels (225g) to be 7µg of plastics (EFSA, 
2016). On average 4% of the weight of microplastics are additives (Bouwmeester 
et al., 2015), suggesting that the mussels could contain about 0.28µg of additives 
(4% of 7µg of plastic). There is some concern on endocrine function disruption 
from the ingestion of additives such as phthalates and bisphenol A (Bouwmeester 
et al., 2015), however it has been concluded that this amount of ingestion of 
additives would be small and not cause harm in humans (Gallo et al., 2018). 
Translocation across the human GIT epithelium is of concern, as this would imply 
internal organs and tissues were being exposed to these particles. Translocation 
in humans from the GIT into the lymphatic system of various types and sizes of 
microplastics has been found (Hussain et al., 2001). Major sites of entry were 
found to be M-cell rich Peyer’s patch in the intestines and the portal vein, thus 
resulting in microplastics reaching the liver (Volkheimer, 1975). Phagocytosis and 
endocytosis of the microplastic particles in the intestinal epithelium has also been 
reported to occur (Yoo et al., 2011). There are no studies on the harmful effects 
of microplastics in humans. Of the small fraction that may enter the lymphatic 
system, most will probably be eliminated via the spleen. However, localised effects 
in the GIT might be possible, as the presence of microplastics’ large surface area 
in the GIT lumen could interact with the GIT fluid present and result in large 
proteins adsorbing to the surface of the microplastics, this could cause local 
inflammation (Powell et al., 2007).  
206 
 
As the health concern from the leaching of chemicals adsorbed to the microplastics 
is of greater concern than the physical impact of the plastic particle in the human 
body, further research into leaching data and investigation into factors affecting 
the release of these compounds is needed.  
 
4.11 Disease level of fish in Lake Victoria 
In Kenya, there is a significant health risk to the people who are handling the fish. 
Men do the fishing, while the women will process and sell the fish, meaning they 
are at a higher risk of contamination. Fish are typically gutted on the floor of the 
beaches and surrounding shores of the lake, and then either cooked or directly 
sold by the women, usually on large tarpaulin sheets in the open sun (Wright and 
Kelly, 2017). Birds and stray animals, including dogs, can access the fish and 
potentially defecate and contaminate the product. The women have been 
encouraged to sell their fish off the ground in covered stalls, however the expense 
of building these stalls is often unaffordable and the advice is predominantly 
ignored.     
In this study, there was a correlation between high levels of microplastics and key 
sites, suggesting that these are less preferable sites to farm fish in Lake Victoria. 
These included sites located next to Kisumu city, the mouth of the river Awach, in 
the main entrance/exit way to the main body of the lake and near high industrial 
and agricultural activities. When selecting a site for a fish farm, proximity to cities, 
industrial, agricultural and mining activities and away from rivers and their mouths 
should always be considered, given the potential for higher levels of pollutants, as 




4.12 Importance of microplastic monitoring in aquatic systems 
The staining methods used in this study were simple, cheap and easy to follow 
and could easily be reproduced in LMICs, such as Kenya, as a method of 
monitoring microplastic presence in their aquatic systems. A microscope is the 
only equipment needed for the screening, and the KMFRI at Lake Victoria have 
access to this equipment within their laboratories. Light microscopy enabled 
classification of the five microplastic types (fragment, foam, film, fibre and bead) 
and quantification of the particle sizes, which would facilitate regular screening for 
microplastic types in the waters and potentially determine microplastic pollution 
origins. For example, if there is a high amount of microfibres detected, this could 
be indicative of synthetic textile fibres entering the lake from washing machine 
runoff. By identifying the main types of microplastic pollutants, there is the 
potential to identify sources and consider mitigation strategies to reduce any 
further risk to both fish and human health.  
As we found that microplastic prevalence was greater in the muscle of wild fish, 
than in the muscle from farmed fish, this could potentially mean that eating 
farmed fish, that are grown only for 4-5 months could result in less microplastics 
potentially being ingested by humans. It therefore could be safer for humans to 
consume younger farmed fish, and with the aquaculture sector in Kenya set to 
grow in forthcoming years, this finding favours this growth more.    
Microplastic monitoring could also help fish farmers decide on sites to farm their 
fish. Areas could be assessed prior to aquaculture setup for pollution and 
microplastic levels, with those with the lowest pollution levels being the best 
location sites for the fish farms. For already established fish farm sites, 
microplastic pollution levels could still be monitored, as the fish farmers could 
rotate their caged areas within the site regularly, to ensure they are not farming 
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in the same location always, as over time this would result in a great increase of 
pollution build up. Given the potential for the actual fish cages to be a source of 
microplastic pollution, further work into the plastic used to make the cages may 
identify one more resistant to degradation.  
 
4.13 Limitations 
While over 80 tilapia were sampled for analysis in this study, they were 
predominantly from 2019, it would be interesting to analyse more recent samples 
from the same sites to determine if pollution levels have amplified, particularly 
given the increase in plastic waste from the COVID-19 pandemic. We were 
planning to return to Kenya to collect further samples as part of this study, 
however this was not possible as a result of the pandemic.  
With only five GIT contents analysed in this study, and only one from a wild fish, 
this restricted comparisons between the two sample types. Furthermore, the GIT 
contents were prepared by squeezing them into separate bags. As microplastics 
are small, it is inevitable that some remained caught between the microvilli folds 
of the intestines and were therefore not extracted; these microplastics could 
potentially be causing more harm. It would be good to have done histopathological 
investigations of the GIT looking for the location of microplastics. 
Some of the samples could not be analysed as there was too much undigested 
debris present, making the sample unreadable under the microscope. Shell pieces 
from bivalves are commonly found in the GIT of fish and these were found to be 
resistant to the digestion method used. Additionally scales and other strong 
structures such as bones may not be removed after acid digestion (Pearson et al., 
2013). Further optimisation of the methodology is needed to ensure it can be 
successful for all samples. An extra step to separate such high density materials 
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from whole fish digestates could be incorporated before microscopic analysis. 
(Karami et al., 2017).  
Diatoms were found on the macroplastic litter and fishing nets from Lake Victoria’s 
waters and in some samples. It cannot be guaranteed that these diatoms were 
part of the plastisphere in these samples, particularly in the GITs where diatoms 
can be frequently found (Kamanyi, 1997). Potential contamination could have 
occurred during the processing of the fish samples whereby diatoms from the GIT 
samples could have contaminated the muscle samples.  
Furthermore while we detected bacterial DNA from the macroplastic litter, net 
strands and in the tilapia samples, we cannot conclusively say whether the 
bacterial DNA originated from the plastisphere of the microplastic.  
 
4.14 Future work 
An extra step in the dissolving of the thicker and more debris filled GIT samples 
prior to filtration would prevent sample loss. Additionally, an extra step of flushing 
out the GIT during the sample preparation may ensure that the majority of the 
microplastics present in the GIT are recovered. However, the opening of the GIT 
may also allow the use of techniques such as histopathology to both visualise the 
location of the microplastics and determine if they cause changes in the GIT 
microstructure. 
As only a small number of fish GIT contents samples were analysed for 
microplastic prevalence in this study, further work is needed to determine whether 
farmed fish may be better for human consumption than wild fish, and also consider 
which is best for the health of the fish.  
Despite screening for numerous bacteria in the genomic DNA isolated, none that 
were looked for were detected. There are many common freshwater fish bacterial 
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species that were not tested for, such as Vibrio, Salmonella and Shigella 
(Schneeberger et al., 2019) (Onjong et al., 2018) (Journal and Hydrobiology, 
2018), and these could be screened for in any future work. Equally with such low 
levels of DNA isolated, we could include an enrichment step by first incubating the 
microplastic in bacterial growth media, prior to DNA extraction. 
Previous studies have used stains to highlight bacterial specific species during SEM 
screening (Priester et al., 2007) (Golding et al., 2016) (Bryant et al., 2016), and 
this is an approach which could be used in follow up work for this project. 
Metagenomic sequencing has also been used as a fast method to identify the range 
of species of bacteria present (Wright et al., 2020) (Yang et al., 2019) (Harrison 
et al., 2018b). Most studies focus on marine ecosystems, and there is a distinct 
lack of information concerning plastispheres assemblages within freshwater. By 
demonstrating an understanding of the repercussions associated with the 
microorganism-microplastic bond and carrying out more research into the 
ecological risks from antibiotic resistance genes in microbial communities on the 
aquatic plastisphere, this should highlight any critical threats for the future of 
aquatic ecosystems and also human health.   
Finally further research into the possible effect that leaching of chemicals, that 
may be being transported by microplastics into organisms, could be having on the 
health of fish and also humans is critical, as these chemicals are of the most 
concern due to potential endocrine disruption that they may cause. 
 
4.15 Conclusion  
This study highlights the importance of monitoring microplastic prevalence in fish 
farmed or caught for human consumption and the monitoring of microplastic 
pollution in the aquatic environment. It specifically highlights the importance of 
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the monitoring of microplastics in Kenya, and other developing countries, to 
ensure a sustainable and safe food source of fish is available for future 
populations.  
The FAO and WHO highlight that fish provides a cheap and easy source of protein 
and essential nutrients (FAO, 2020b) (WHO, 215AD), especially to those in LMICs, 
like Kenya. In many countries, there is no other affordable substitute for this high 
value food source, but its benefits could be negatively affected by the pollution 
from microplastics.  
This study found 48% of the tilapia muscle samples and 100% of the GIT samples 
analysed to be contaminated with microplastics. The most identified microplastic 
type in the muscle samples was fibres, with the muscle of wild fish having a 
greater prevalence than farmed fish. The most identified type in the GIT samples 
was beads, with the GIT of farmed fish having a greater prevalence than wild fish. 
Fish sourced key sites were found to be the most contaminated with microplastics. 
With pollution levels at any one site across the lake being affected by proximity to 
river mouths, cities, industry and human activity, the consideration of pollutant 
levels into the choice of sites for new fish farms should be a key factor.    
Potentially harmful elements were identified on the microplastics found in these 
fish, and there was an attempt to visualise the plastisphere, with future work 
needing to screen the specific species of bacteria on this plastisphere and the 
potential harm these could cause to fish and humans. 
There is a spatial association between human activities and microplastic 
prevalence. To ensure a future for fish as a safe food source and valued 
commodity, it is essential that all countries monitor their levels of microplastic 
pollution in the environment and in the fish they catch or harvest. With the 
212 
 
growing global resilience of fish as a source of protein and with the ever-increasing 
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Table 1 Tilapia muscle sample weights. This table shows all the sample weights (g) of 
the tilapia muscle samples used in this study, as well as the whole weight (g) of the muscle 
fillet. The sample ID of the muscle is shown (Ta).  
 
 
MUSCLE ID WHOLE WEIGHT (g) SAMPLE WEIGHT (g) 
Ta1 3.07 1.53 
Ta2 7.59 0.98 
Ta3 12.85 2.27 
Ta4 37.53 1.44 
Ta5 29.23 2.8 
Ta6 18.92 2.04 
Ta7 7.92 2.16 
Ta8 3.23 0.77 
Ta9 28.71 1.7 
Ta10 32.06 2.03 
Ta11 12.8 2.59 
Ta12 54.17 1.88 
Ta13 62.56 2.4 
Ta14 25.18 2.24 
Ta15 19.2 2.61 
Ta16 14.49 1.76 
Ta17 40.23 1.65 
Ta18 17.74 2.37 
Ta19 33.37 1.8 
Ta20 6.44 1.73 
Ta21 10.61 1.52 
Ta22 12.6 1.4 
Ta23 38.89 1.9 
Ta24 17.38 2.09 
Ta25 21.49 1.72 
Ta26 28.58 2.15 
Ta27 28.19 2.91 
Ta28 5.42 1.03 
Ta29 18.81 1.68 
Ta30 37.71 2.86 
Ta31 35.71 1.82 


















































Table 1 (continued) Tilapia muscle sample weights. This table shows all the sample 
weights (g) of the tilapia muscle samples used in this study, as well as the whole weight 
(g) of the muscle fillet. The sample ID of the muscle is shown (Ta).  
 
 
Ta33 17.29 2.44 
Ta34 12.91 2.3 
Ta35 16.73 2.04 
Ta36 19.67 2.41 
Ta37 43.27 2.12 
Ta38 9.71 1.56 
Ta39 12.4 1.96 
Ta40 15.37 2.32 
Ta41 17.7 1.04 
Ta42 12.22 1.86 
Ta43 14.8 1.52 
Ta44 16.58 2.68 
Ta45 16.02 1.65 
Ta46 15.03 1.93 
Ta47 4.05 1.22 
Ta48 3.91 1.08 
Ta49 5.06 0.83 
Ta50 5.97 2 
Ta51  2.31 1.16 
Ta52 14.11 2 
Ta53 19.64 1.52 
Ta54 15.92 1.26 
Ta55 6.2 1.24 
Ta56 8.39 2.5 
Ta57 3.66 1.19 
Ta58 4.53 1.08 
Ta59 7.52 2.29 
Ta60 1.56 0.81 
Ta61 33.45 2.65 
Ta62 45.59 1.5 
Ta63 49 2.51 
Ta64 33.85 3.05 
Ta65 34.37 3.05 
Ta66 34.8 2.98 























Table 1 (continued) Tilapia muscle sample weights. This table shows all the sample 
weights (g) of the tilapia muscle samples used in this study, as well as the whole weight 






























Ta68 26.25 2.14 
Ta69 39.49 2.71 
Ta70 29.98 2.62 
Ta71 31.94 5.36 
Ta72 51.33 3.48 
Ta73 38.47 3.32 
Ta74 15.58 2.81 
Ta75 15.65 2.31 
Ta76 42.83 2.51 
Ta77 32.62 3.57 
Ta78 32.07 3.2 
Ta79 62.45 3.2 




GIT ID 1st WEIGHT (g) 2nd WEIGHT (g) SAMPLE WEIGHT (g) 
GI1  6.24 2.23 4.01 
GI2  5.26 2.22 3.04 
GI3  5.18 2.07 3.11 
GI4  4.20 2.44 1.76 
GI5  2.28 2.55 0.27 
GIT6  4.14 0.78 3.36 
GIT7  4.10 0.94 3.16 
GIT10  5.90 0.85 5.05 
GIT13  4.50 0.79 3.71 
GIT15  7.51 0.64 6.87 
GIT19  14.05 0.74 13.31 
 
Table 2 Tilapia gastrointestinal tract and contents weights. This table shows all the 
sample weights (g) of the tilapia gastrointestinal tract contents (GI) and intact 
gastrointestinal tracts (GIT) used in this study. The 1st weight (g) represents the weight 
of the sample and the bag it was contained in and the 2nd weight (g) represents the empty 
bag. The final sample weight was determined by subtracting the two recorded weights.  
 
 
Table 3 Macroplastic litter and facewash beads weights. This table shows all the 
sample lengths (mm) and sample weights (g) for the different coloured macroplastic net 
strands found in Lake Victoria and the microbeads extracted from the facewash, used as 
positive controls in this study. 
MACROPLASTIC TYPE SAMPLE LENGTH (mm) SAMPLE WEIGHT (g) 
NET - BLUE  60 0.17 
NET - YELLOW  48 0.13 
NET - GREEN  Mixture of lengths 0.13 
NET - WHITE  42 0.01 
FACEWASH BEADS  2 0.03 
